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Aan miin ouders. 



In this work investigations on an RF-excited 13,56 MHz CF4 plasma 

are described. The main reason for these investigations is their 

relation with an industrial process: the etching of {sub) micron 

patterns as one step in the production of integrated circuits. To 

facilitate an easy comparison with the industrial situation therefor~ 

the electrode geometry (comparable to a single wafer etch reactor) and 

the range of parameters (e.g. power. RF-frequency and gas pressure) as 

well as the discharge gas (CF4 ) were chosen to correspond closely to an 

industrial etch reactor. 

A low pressure {p - 10 Pa} RF-discharge consists of a quasi-neutral 

(luminescent) plasma that is bounded by space charge regions 

(sheaths) adjacent to the electrodes. In the plasma reactive species 

(e.g. fluorine) and ions are produced by energetic electrons. 

Ions, escaping from the plasma, are accelerated to the electrodes in the 

space charge regions. For the plasma etching process the fluxes of 

reactive species and energetic ions towards the substrate (e.g. a 

silicon wafer. ~ 15 cm placed on one electrode) are of importance. 

The fluxes of species towards the electrode surfaces are directly 

related to the volume production (and volume loss) processes {Gauss' 

law}. 

Since the volume production processes are domihated by the 

energetic electrons, knowledge of their density and energy 

(temperature} is essential. To investigate the electron density and 

-temperature in an etch reactor experimentally a new method, using a 

microwave cavity, has been developed. With this method electron 

densities can be determined with an estimated accuracy of 20 percent. 

Due to large differences in cross section data available in literature, 

the absolute electron temperature cannot be determined accurately with 

this method. only relative trends can be observed. 

The measured electron densities are in the range of 1015 
- 1016 m-3 

for a CF4 plasma and in the range of 5 1015 
- 5 1016 m- 3 for an argon 

plasma. For the measurements presented in this work an electrode 

separation of 2 cm is used. For the discharge parameters in the range of 

PRF = 5 10-2 
- 50 W, p = 5 - 70 Pa and with or without self bias a 

linear relation between the electron density and the RF-power level is 
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found. As a function of the gas pressure the electron density shows a 

distinct maximum at p ~ 10 Pa in a CF4 plasma, in an argon plasma no 

maximum is found. 

By both the microwave measurements and the optical emission 

measurements a trend of a decreasing electron temperature with 

increasing RF-power is found which is in conflict with the linear 

increase in the electron density; it is concluded that there is an extra 

input of ionization due to secondary electrons {released at the 

electrodes). A strong asymmetry in the axial emission profile (a higher 

luminosity towards the electrode subject to the greatest ion 

bombardment) presents further evidence for this conclusion. 

Again, by · both microwave measurements and optical emission 

measurements a trend towards a minimum in the electron temperature at 

{p ~ 20 Pa) is indicated as a function of the gas pressure. It is 

concluded that this minimum in the electron temperature and the maximum 

in the electron density are caused by negative ions. The effect of a 

lower diffusion loss of ions {and hence electrons) with increasing 

pressure is amplified by negative ions. This lower diffusion loss leads 

to a lower electron temperature necessary to sustain the plasma. This 

lowering of the electron temperature in turn again favours the formation 

of negative ions (attachment) with respect to ionization (i.e. formation 

of electrons and positive ions). Ultimately the loss of charged 

particles is dominated by negative ions, i.e. gas phase recombination 

(F- + CF3 + ~ F + CF3 ). Measurements of the ion current incident on the 

grounded electrode (no ions could be measured between 25 and 45 Pa) 

provides further evidence for this conclusion. 

The optical emission measurements have further been used to 

determine the (relative) fluorine density as a function of several 

discharge parameter (e.g. RF-power, gas pressure, gas flow). The method 

used, called actinometry indicates a less than linear increase of the 

fluorine density with increasing RF-power and an almost linear increase 

with the gas pressure. 

By combining an absolute calibration of the emission intensity of a 

small argon admixture and the electron density as determined by the 

microwave method a rather accurate value of the electron temperature has 

been found: Te~ 3,0 ± 0,5 eV (at PRF = 20 W. p = 13 Pa). 

By combining the absolute emission intensity of a fluorine line, an 
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estimated excitation rate constant and the electron temperature as 

determined before. an order of magnitude for the fluorine {ground 

state) density can be found: [F] ~ 1019 m-3. 

This fluorine density compares very well with a theoretically obtained 

value. The theoretical approach (balance equations) used to calculate 

the fluorine density has also been used to calculate the densities of 

other species. At [CF4 ] = 3 1021 m-3 , n ~ 1016 m-3 densities of 
e 

[F2] ~ 1017 m-3' [CF2] ~ 1010 m-3 • [CF3] ~ 2 1019 m-3. [C2F6] ~ 1020 

m- 3 [F] ~ 1019 m-3 and [F-] ~ 3 1016 m- 3 are found. 

An energy analyzer and a quadrupole mass spectrometer have been 

used to investigate the flux of ions incident on the grounded electrode. 

A distinct difference is found between the ion energies in an AC-coupled 

plasma (i.e. with self bias) and a DC-coupled plasma. For an AC-coupled 

plasma ion energies are in the range of 50-100 eV whereas for the 

DC-coupled plasma energies in the range of 130-300 eV are found. In an 

AC-coupled plasma the ion energy varies hardly with the gas pressure, in 

contrast to a DC-coupled plasma where changes of a factor of 4 are found 

(p = 9-40 Pa). 
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1.1. Introduction 

The application of radio frequency (RF} plasmas in the 

semiconductor industry (e.g. for plasma deposition and plasma etching} 

has caused a renewed interest in RF-plasma physics. 

In 1982 a research project was started at the physics department of the 

Eindhoven University of Technology that concentrates on the plasma 

properties of etch plasmas. 

Results of experimental and theoretical investigations on an RF-excited 

(13.56 MHz) CF4 plasma are presented in this work. 

A brief discussion of the plasma etching process will clarify the 

role of the various plasma properties that have been investigated. 

In the production process of integrated circuits several patterns of 

isolators, conducto~s or dopants have to be reproduced in the surface 

layers on the silicon wafer. The first step in the etching process is to 

apply a mask on top of the device. Using photo-lithographic techniques 

the desired pattern (circuit) can be obtained in this mask. If the wafer 

is exposed to an etchant, the areas not protected by the mask will be 

etched. This etching can be performed by wet-chemical processes (acids). 

but this results in isotropic etch profiles (see figure 1.1). 

mask--l:-~...,.-•.F-~~~~-rJ<:.~~~~~ 

insulator 
le.g SiOil 
substrate 
{Sil 

Ftg. 1.1. Schematic representation of a pa.rt of an etched device. The 

pa.ttern of the mask ts reproduced in a functional layer (e.g. 

insulator). Isotropic etching results tn undercutting, 

anisotropic etching results in vertical walls. 
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If the lateral dimensions of the pattern are comparable or less 

than the thickness of the layer to be patterned (typ. 1 µm) isotropic 

etching cannot be tolerated and anisotropic etching is necessary (see 

figure 1. 1) . 

• electron • 0 0 
• o ion 0 0 @ • 0 • plasma 

0 radical • 0 0 0 0 • 0 

rot r 0 r @ 
sheath 

0 @ @ 

-/ 
I ! substrate 

RF GND 
electrode electrode 

Fig . . 1.2. Schematic representation of the etch plasma. In the plasma, 

generated by an RF-voltage, etching species (radicals) and 

ions are produced. The substrate ls attacked by the radicals 

and energetic ions (accelerated tn the sheath). 

By means of a gas discharge etching can also take place in a gaseous 

medium. see figure 1.2. In the commonly used low pressure discharges at 

1-100 Pa, the luminous part (plasma or glow), besides neutral molecules 

contains charged particles (electrons. positive ions, negative ions) at 

densities of 0,0001 - 0,001% of the neutral particle density. 

lbe ions have a relative low temperature (300 K). the electrons have a 

very high temperature (typ. 35000 K). It is through their high 

temperature that the electrons can produce very reactive species 

(radicals, e.g. F. typ. 0,1-1% of the neutral density) and ions in the 

plasma. It also enables them to escape from the plasma, thus creating a 

space charge region between the plasma and the electrodes (sheath). 1be 

electric field in this space charge region prevents a further loss of 

electrons and on the other hand accelerates positive ions towards the 

electrodes. 
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Basically it are the fluxes of the very reactive neutral particles 

and of the energetic positive ions towards the substrate (on one of the 

electrodes) that govern the etching process. 

The chemically active species (e;g. F) essentially produce isotropic 

etching. The ions, accelerated in the space charge field which is 

perpendicular to the substrate can provide for directional (anisotropic) 

etching. 

At high ion energies the etching can be mainly physical 

(sputtering) with a minor role for chemical reactions [1]. In this case 

the etch process will have a poor selectivity (e.g. between mask and 

Si02 or between Si02 and Si) and will produce damage. 

For lower ion energies ( E1 < 100 eV) various mechanisms are supposed to 

influence the chemical component of the etching process [2,3]. 

The first step of the etching process: chemisorption of chemically 

active species. can be promoted by dissociation of inactive physisorbed 

molecules (e.g. F2 , CF4 ) to products {F. CF3 ) that readily react with 

the surface [3] or, by creating excited surface molecules that show a 

higher reaction probability with the physisorbed species [4]. 

Also the second step. the formation of the product {e.g. SiF4 ). can 

be enhanced by ion bombardment. This can either be by an increase of the 

surf ace temperature which causes the chemical reaction to proceed faster 

(according to an Arrhenius relation), or by breaking bonds·which allows 

for reactions between partially saturated surface molecules (e.g. SiF2 + 

SiF2 ~Si + SiF4 ). 

The third step of the etching process, volatilization of the 

reaction product can also benefit from an increase of the surface 

temperature by an increase in the sublimation rate. Another mechanism to 

increase this third step is increasing the effective surface area by 

surface roughening through the ion bombardment. 

An extended discussion on the role of ions and the coverage of chemical 

active species can be found in a recent publication by Winters and 

Coburn [5] and references cited therein. 

Using various kinds of halocarbons and gas mixtures allows for other 

mechanisms to achieve anisotropic etching (e.g. inhibitors [3]) and can 

also provide the opportunity to obtain highly selective etching {e.g. an 

etch ratio of Si02 to Si of 50 to 1). 
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1.2. Scope of the thesis 

Due to their high temperature electrons play a dominant role in the 

low pressure RF-plasma. As argued, the etching determining factors are 

the net incident fluxes of radicals and ions on the surface. 1bese are 

determined by the gas-phase production of radicals and ions by 

dissociation and ionization of the gas (in this work CF 4 ). As this 

production is predominantly due to electrons and depends heavily on 

their thermal energy, knowledge of the electron density (n ) and 
e 

electron temperature {Te) is essential for further modelling of the 

discharge. To investigate the electron density experimentally a new 

method has been developed. 1bis method and the results obtained will be 

treated in chapter 2. 

To find the fluxes of etching species (e.g. F) towards the 

substrate, the production and loss processes have to be investigated. In 

chapter 3, a theoretical approach, using balance equations, has been 

chosen to find the relative importance of the various production and 

loss mechanisms for the most important species. Combined with the 

electron density measurements the balance equations are used to find an 

estimate for the density of these species. 

In chapter 4 measurements of the optical emission of the plasma 

will be presented. Spatially resolved measurements {in axial and radial 

direction) are used in the computation of the electron densities in 

chapter 2. 

Using the emission intensity of a fluorine {F)-line and (several) 

argon-lines (argon is used as a tracer gas), allows for a determination 

of relative changes in the fluorine density for different plasma 

conditions. 1be optical emission of argon, after an absolute 

calibration, can be combined with the electron densities obtained in 

chapter 2, to find an estimate of the electron temperature. 

As discussed, also the bombardment of the substrate by energetic 

ions can play an important role in the etching process. 1berefore the 

flux and energy of ions incident on the grounded electrode have been 

measured. A quadrupole mass spectrometer is used to separate the 

different ions (e.g. CF3 +, CF2 +) and a subsequent cylindrical energy 

analyzer is used to determine the energy spectrum of the ions (see 

chapter 5). 
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1.3. Experiment 

To investigate an RF-plasma experimentally a plasma etch reactor 

has been built. A reactor of the single wafer type was chosen because of 

the lower RF-power levels involved and because this type of reactor can 

be easily adapted for the electron· density measurements. Further in the 

industry there is a trend towards single wafer etch reactors. 

The experimental setup is shown schematically in figure 1.3. 

mfc. 

vacuum vessel 

Fig. 1.3. Schematic representation of the expertment. 

mfc. mass flow controlJ.er Tylan FC 260 

.ba.r. ba.ratron ca.pacttance manometer MKS 370/270 

r.p. roots pump Balzers WKP 250 

f .p. fore pump Balzers DUO 030 

m,n. matching network (see figure 1.4) 

p.m. power meter Bird '1'110 

p.a. power amplifier ENI 3100 LA 

osc. oscillator HP 8116A. 
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1be range of operating conditions used in this work is, 

RF-frequency 13.56 MHz 

RF-power 0-50 W 

RF-voltage 

gas pressure 

gas flow 

0-1200 Vp {on the powered electrode) 

5-100 Pa 
1-100 seem {CF4 ) 

For preliminary experiments an open geometry, i.e. two parallel plane 

electrodes {+ = 15 cm, d = 2 cm) were used. All experimental results 

presented in this work have been obtained in the closed geometry of the 

microwave cavity, see figure 1;3. 1be isolated part of the cavity is the 

RF-powered electrode, the remainder of the cavity (sidewall and top) 

serves as the grounded electrode. 1be cavity is, as a whole, contained 

in the vacuum vessel {+ = 30 cm, h = 20 cm). 

1be vacuum pumps used are a 250 m3 /h roots blower backed by a 30 m3 /h 

fore pump. a variable orifice valve allows for controlling the pumping 

speed. 

1be process gases (typ. CF4 and Ar) are controlled by mass flow 

controllers and are fed in directly in the cavity. Also the gas pressure 

is measured in the cavity by a baratron capacitance manometer. 1be 

cavity interior is pumped through two 1 cm wide slots (in axial 

direction) in the side wall of the cavity. 

0.5 - 2pH 

input 
2nF 

vac. 
relay 

RF 

output 

Fig. 1.4. .Hatching network. A vacuum relay is used to switch between 

AC-coupling {with self blas) and DC-coupling. 
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The RF-power (13.56 MHz) is generated by an oscillator and a power 

amplifier, a directional power meter is used to determine the forward 

and reflected power levels. An L-type matching network is used to 

transform the 500 impedance of the amplifier to the plasma impedance. 

Data on the specific components are given in.the legend of figure 1.3. 

In figure 1.4 the matching network is shown, reflected power levels were 

generally less than 10 mW. 

Measurements have been ma.de for two types of plasma generation; 

with and without self bias. Self bias is obtained if the electrodes have 

unequal surface areas, in this case the smaller electrode is charged to 

a negative rx:::-bias voltage. This, of course, only occurs if the 

electrode is AC-coupled (i.e. through a series capacitance). If the 

electrodes are shorted for rx:::-potentials by an inductor no self bias can 

develop (this situation will be denoted as rx:::-coupled). 
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2 MICROWAVE JIFASUREllENl'S OF THE ELECTRON DENSITY AND 

THE ELECl'RON OOLLISION FREQ:JENCY 

2.1. Introduction 

In discharges used for plasma etching electrons play a dominant 

role in both gas phase reactions and plasma-wall interaction. 

To gain understanding of the discharge physics knowledge of the electron 

density (n ) and preferably also the electron temperature (T ) is e e 
essential. Furthermore. measurements of electron densities can be of 

great help in the evaluation of other diagnostics, e.g. emission 

spectroscopy. 

Several methods to determine the electron density in an etch plasma have 

been reported in literature. 

V. Roosmalen [1] has used the plasma impedance (taken to be the 

complex conjugate of impedance of the matching network} and a simple 

model of the plasma to determine the electron density: a value of ne 

5 1014 m- 3 was obtained in a batch reactor.· 

Several authors have reported electron densities and electron 

temperatures determined by probe measurements [2], [3], [ 4]. Probe 

measurements are often used to measure electron densities and electron 

temperatures in DC-plasmas. Attempts to apply this method on RF-plasmas 

suffer from a severe distortion of the probe characteristics and, 

according to reference [2], necessitate an experimental setup which 

excludes RF-modulation of the plasma-probe voltage. Furthermore, to 

evaluate the measurements an adequate model of the RF-sheath surrounding 

the probes wi 11 be necessary. Taking in account the very high and 

unrealistic electron temperatures (up to 20 eV) reported in literature 

[4], and the research on the fundamental physics of RF-sheaths still 

going on, the validity of probe measurement for the absolute 

determination of electron densities and electron temperatures is 

doubted. 

In a paper by de Vries et al. [5] another method to determine the 

electron density is described. A U.H.F. generator is coupled to the 

grounded electrode of a parallel plate reactor and the signal 

transmitted through the plasma is detected at the opposite electrode. 

The probe-frequency is changed (Typ. 300-900 MHz) and it is assumed that 

the transmitted signal will be strongly attenuated for probe-frequencies 
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greater than the elec.tron plasma frequency (which is a measure for n ) . 
e 

The electron densities are also obtained in a batch reactor and are in 

the range of 1016 m-3 to 101
& m- 3

• The method shows a close resemblance 

to the plasma resonance probe method as discussed in reference [6]. It 

is therefore believed that a more elaborate evaluation (see [6]) of the 

measurements of de Vries would be worthwhile. 

The measurements of electron densities by microwaves, using a 

cavity method, is a well established technique [7], [8]. 

Very often the discharge is contained in a glass tube within the 

microwave cavity, which typically has dimensions in the order of one 

wavelength. Since for this technique the microwave frequency generally 

has to be higher than the electron plasma frequency (typ. 800 MHz), a 

microwave signal having a wavelength of 15 cm or less has to be used. It 

is therefore impractical to investigate the plasma of a batch reactor 

(typically having a diameter of 60 cm) with the cavity method. The small 

dimensions of a single wafer etch reactor (diameter 20 cm, i.e. 1-2 

wavelengths) however allowed this method to be applied for the first 

time on an actual etching discharge; preliminary results were presented 

at the ISPC-7 (1985) conference [9]. The, isolated, RF-electrode could 

be integrated in a specially designed cavity that has a high quality 

factor (Q0 ~ 3500, TM020 ). The electron density can be determined from 

the shift of the resonance frequencies of this cavity and from the 

change of the quality factor (determined with the resonance curve 

technique) the electron scattering frequency can be inferred. The 

influence of various parameters e.g. RF-power, gas pressure and gas 

flow, on the electron density of a CF4 plasma has been investigated. For 

comparison, measurements have been made in a noble gas (argon) plasma. 

Since with actinometry (a method to determine radical densities, section 

4.3) argon is used as actinometer, also mixtures of CF4 and argon have 

been investigated. 

The measured electron-neutral collision frequencies indicate that 

the electron temperature changes if the plasma parameters (e.g. 

~-power, gas pressure) are varied. Due to the uncertainty in the 

cross-sections for electron-neutral collision processes reported in 

literature (see section 2.5) an absolute determination of the electron 

temperature is however difficult. 
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2.2. Theory 

The electric and magnetic fields in an empty microwave cavity can 

be represented as a set of orthogonal functions [10]. They correspond to 

the various resonance modes of the cavity and the related resonance 

frequencies. If a plasma is introduced in a cavity the resonance 

frequency of each mode will increase. As long as this detuning of the 

cavity is small, the shift of the resonance frequency and the lowering 

of the quality factor {Q) can be related to properties of the plasma 

electrons using a first order approximation of the theory as discussed 

in reference [10]. 

If the plasma is considered as a medium with a complex 

conductivity a 

n e 2 

e 
a = m(v +jw) 

m 
(2.1) 

where ne is the electron density, e is the unit charge, m is the mass of 

the electron, vm the electron-neutral collision frequency {momentum 

transfer) and w the microwave radian frequency, the shift in the 

resonance frequency is caused by the imaginary part of a and the 

decrease of the quality factor is caused by the real part of a. The 

equations used to relate the frequency shift {Af) and the change in the 

quality factor to the electron density and the collision frequency are 

[11] 

I ne{r.:,lf')e2 1 
E2 dv 

l+{v /w) 2 0 

Af 1 
mc0 w m 

£;;" =2 I E~ dv 

{2.2) 

and 

Iv n (r,z,lf')e
2 1 

m e E2 dv 
w mco<a>2 l+{v /w) 2 0 

1 1 m 
Q - Qo = I E~ dv 

(2.3) 
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where f 0 and Clo denote the resonance frequency and the quality factor of 

the empty cavity. The electron density is a function of the spatial 

coordinates, the electron collision frequency has been taken independent 

of the position in the plasma. 

Several issues related to the applicability of the microwave method 

and the equations (2.2) and {2.3) deserve a discussion. 

Concerning equation (2.2) the main points are, 

a) the integration over the spatial dependence of ne 

b) the validity of the assumption that the electric field is not 

disturbed appreciably i.e. E = E
0 

Concerning equation (2.3) the main point is 

c) the validity of the assumption of the Lorentz conductivity for o, 

i.e. equation (2.1). 

ad a: 

The plasma is assumed to have cylindrical symmetry, which means 

that the electron density depends only on the axial (z} and radial (r) 

coordinates. If the electron density is expressed as n = n f(r)g(z), e eo 
an assumption for the radial f(r) and axial g(z) distribution will have 

to be made in order to evaluate n from the measured Af. Since in this eo 
work only TM

0
mo are used which have a constant electric field in the 

z-direction. integration over z causes no problem; the electron density 

obtained will always be a mean value over g{z). Hence ~{z) (and the 

uncertainty therein} will be directly reflected in neo· Because the 

electric field of the TMomo modes depends on r, integration in the 

radial direction is not straightforward: the density profile f{r) will 

have to be weighed over E2 {r). The electron density n can be evaluated eo 
by assuming: 

1 a homogeneous distribution, f(r) = constant (which is an adequate 

approximation for low pressures}, or 

2 the density profile to be same as the optical emission intensity 

profile, or 

3 a density profile that can be ontained if several modes. having 

different E(r) are used to probe the plasma. 

The third method implies that a density profile can be constructed 

(fitted) such that for all modes (having different E(r) and Af) the same 

value of n is obtained; the method will not be pursued in this work. 
eo 
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The second method implies that the optical emission profile is 

indicative for the electron density profile. In this work the radial and 

axial emission profiles have been used for both f{r) and g(z). In figure 

2.1 the emission intensity and the approximations used in the 

ne -calculations are shown. For a plasma inhomogeneous in the radial 

direction, a difference of 30% is found between method 2 and method 1 in 

the worst case. 
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The optical emission profiles of the discharge, the straight 

line. approximations are used as axial and radial electron 

density profiles. 

In both equations {2.2) and (2.3) the electric field of the empty 

cavity (.1:
0

) is used, i.e. in this first order approximation the 

disturbance of the electric field caused by the plasma is neglected. For 

low electron densities (w << w. w = n e 2 /me } this approximation is pe pe e o 
good: 

generally for higher electron densities (w ~ w) the electric field in pe 
the loaded cavity can differ appreciably from the field in the empty 

cavity. Mostly the microwave method is applied for a plasma which only 

occupies a small volume within the cavity; in this work the plasma fills 
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the whole volume of the cavity. Therefore three mechanism~ limiting the 

validity of the method in this work will be investigated. 

The first limiting mechanism is the electric polarization [12] (or 

ac space charge [11]). It ·is to be noted that this ac space charge is 

induced by the microwave field: de or RF space charges (in the plasma 

sheaths). are not of concern. The ac space charge is only present if 

density gradients exist in the direction of the electric field. 

Therefore, often geometries and modes are chosen such that the electric 

field will always be perpendicular to density gradients [13]. 

The planar etch reactor used in this work determines the geometry; for 

an electrode spacing of d = 2 cm, in the frequency range of 2-4 GHz: only 

TM modes are allowed. This means that the electric field is always 

perpendicular to the electrodes: e.g. for the TM020 mode the electric 

field is {with R the radius of the cavity). 

(2.4) 

sheath 
./---

glow sheath ---+--- - -
::i 2 I 
~ I 

"' I c: I >-.... I ·;;; 
I c: 

"' I "CJ 

c: I 0 
I.. I -u 

I <ll 
1ii I 

I 
llZ I 

0 s 10 20 
axial position, z (mm! 

Fig. 2.2 Schema.tic representation of the electron density as a 

function of the axial position (z:). The density gradient is 

concentrated in the interval Az. 
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Since the plasma is parallel to the electrodes, the density 

gradients {in the sheath) are therefore inevitably in the same direction 

as the electric field. 

1be equation for the ac space charge {see ref. [11]) is, 

{2.5) 

where k is defined as k = 1 + a/jwi:;0 and is related to the electron 

density by equation {2.1). 

For this analysis an axial density profile is used as shown in figure 

2.2. {more realistic profiles are shown in section 4.2) having a 

constant density in the glow and a transition region in the sheath with 

a zero density. 

1be TM omo 
direction and 

modes have an electric field only in the axial 

the field strength is independent of z. If 

{z) 

the 

approximation vm 0 is used, equation {2.5) reads 

e 2 dn 
-- ___!. E 

• 2 z 
mc0 w dz 

£!_=------
e2 

1 - ----

U 1 i t 1 t {glow) = 1016 m- 3 s ng exper men a pa.rame ers ne 

and Az {see figure 2.1) = 2 nun, it follows 

(2.6) 

w = 18.8 109 s- 1
, 

1bis ac space charge causes a space charge electric field (E') of E' = z z 
50 E Az. For Az = 2 mm it follows, E' = 0.1 E . It is concluded that z z z 
for electron densities up to n = 1016 m- 3 the ac space charge field is 

e 
in the order of 10 percent {or less) of the microwave field of the empty 

cavity, and that the first order approximation used to derive equations 

{2.2) and {2.3) is still valid. 1be estimate further indicates that the 

density gradients in the glow of the plasma can be completely neglected 

when the ac space charge is concerned. 
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The second limiting mechanism is the magnetic polarization. This 

limiting condition is reached when the plasma skin depth (6) is no 

longer larger than the plasma radius (R}. If again the approximation 

vm = 0 is used, according to ref. [13] the skin depth is qf the order of 

(2.7} 

where A is the free space wavelength. The condition 6 > R then leads to 

n e 2 

e 

Substituting A = 10 cm and R = 9 cm it is found that 

n e 2 

_e __ < 1.03 . 
lllE.oc.12 

(2.8} 

So, despite the large plasma radius, condition {2.7} is fullfilled for 

electron densities up to 1017 m- 3 

The third limiting mechanism is that other modes can contribute to 

the electric field of the mode used for the measurements. If the 

contribution of other modes is only due to lowering of the Q-values, the 

following inequality (see ref. [12]} should hold if the deviation of the 

field E is to be neglected. 
0 

n e 2 
1 

l+(v /c.1) 2 

a _e __ ~ - m (2.9) 
meoc.12 20L (vnf1U} 2 

where a is the ratio of the plasma volume to the cavity volume, and 

[ 
f ]-2 f i ] 1 

L = };i 1 + f ~ Lr - i 
l 0 

where f. is the resonance frequency of an other mode i. Substituting a= 
l 

0.3 (the glow thickness is about 30 percent of the electrode separation) 

L = 10 and v = 3 109 Hz (the highest collision frequency found in this 
m 

work}, the inequality (2.9) still holds for n = 7 101
& m- 3

• 
e 

-18-



Also iriliomogeni ties in the plasma can lead to mode coupling. A 

theoretical investigation by Jansen [14] indicates that changes in E 
0 

due to this effect can be neglected for all conditions used in this 

work. 

It is concluded· that for the results presented in this work 

equation (2.2) is indeed adequate to derive the electron density. For 

electron densities higher than 1016 m· 3 deviations of about 10 percent 

may be expected. 

ad c: 

Equation (2.3) is based on the Lorentz conductivity (equation 

(2.1)). The Lorentz conductivity is only valid for collisions having a 

cross-section varying as Q ~ l/v (v is the electron velocity} leading to 

collision frequencies vm that are independent of the electron 

temperature. If a collision cross-section is used that is independent of 

the electron energy (a crude approximation of the results of Jones [15]) 

a different conductivity results. For the real part of a then is found, 

aRe(Q=const) - 3aRe(Lorentz). This would imply that the collision 

frequencies for (Q=const) are about a factor 3 lower than the values 

presented in this work (based on equation (2.1)). For the imaginary part 

of a no significant difference is found between the two cases, for a 

detailed discussion see i.e. ref. [16]. 

It is to be noted that the electron collision frequency is assumed 

to be constant over the volume of the plasma. Further it is found that 

for the results presented in this work (v /w) 2 
(( 1. It is concluded 

m 
that the collision frequency as derived with equation (2.3) will be 

accurate up to a factor of 3 depending on the conductivity that is used. 

2.3. Experiment: 

The cylindrical microwave cavity, being an extension of the planar 

electrode system, is as a whole contained in the vacuum vessel. Two 1 cm 

wide slots in the cylindrical wall facilitate pumping of the cavity 

interior and are also used for optical diagnostics. The slots are 

parallel to the cavity axis (z-direction). The geometry of the cavity is 

shown in figure 2.3. The (upper) cover plate of the cavity (originally 

the grounded electrode) can be removed. It can thus be easily replaced 

by specially adapted plates for the mass spectrometer/energy analyzer 
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{see chapter 5} or the radical emission profile measurements {see 

section 4.2). Because of the normally used small electrode separation (2 

cm} only TM-modes can be excited in the available frequency range {2-4 

GHz}. Since the RF-powered electrode of course must be isolated, it is 

difficult to obtain a high Q-value at the lowest mode TM010 . Therefore 

the cavity design has been optimized to achieve the highest Q for the 

TM020 mode {~=3500). In this work other modes have only been used to 

check the validity of the microwave method showing the same n {within 
e 

10%) for 3 different modes 

sweep gen 
2-4GHz 

GND 

x y 

Ftg. 2.3. Schema.ttc representation of the micrOlllCl.ue set-up. The cavity 

ts also the plasma reactor. a part of the cavity is insulated 

and forms the RF-electrode. 

As shown in figure 2.2, two {adjustable) coupling loops have been 

used. Measuring the cavity resonance by using the transmitted microwave 

signal proved to be far more convenient than by using the reflected 

signal {one loop}. In the transmission mode all reflections in the 

cables and connectors, circulator, etc. are not of influence to the 

detected signal, which results in a very clean spectrum. 

A microwave sweep generator {HP 8690 B, plug-in 8692B) provides the 

microwave probe signal. The transmitted signal is detected by a crystal 

detector {1N21). The sweep output of the microwave generator is used to 
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obtain the resonance curves on an XY-recorder. 

To achieve a high accuracy in the determination of the Q-value, the 

sweep range should not be larger than about five times the width of the 

resonance curve at half maximum. This means that for large frequency 

shifts the sweep range has to be changed. Therefore a frequency meter 

{HP 5253 B) in combination with a frequency converter (HP 2590 A) were 

used to accurately determine the sweep range. 

2.4. Electron densities, results 

All electron densities presented in this section have been obtained 

by using equation {2.2). The volume integral in the numerator has been 

evaluated by using the optical emission profiles {see section 4.2) as 

the profiles for the spatial electron density distribution in the axial 

{z) and radial {r) directions. Here it is assumed that, for short lived 

optical transitions, the optical emission is closely related to the, 

time averaged, electron density. For the ease of the calculations the 

density profiles have been approximated as shown in figure 2.1. The 

electron densities presented in this section all refer to the density on 

the axis of the cavity {r=O). 

RF-power 

At first the influence of the RF-power on the electron density in a 

pure CF4 · plasma has been investigated. Depending on other discharge 

parameters, the range of the RF-power was limited to 30-50 W due to 

instabilities or bad reproducebi Ii ty of the plasma. In figure 2. 4 the 

measured electron density in an AC-coupled {i.e. with self bias) plasma 

is shown as a function of RF-power for various gas pressures. Figure 2.4 

indicates that, for a stable plasma, the electron density varies 

linearly with the RF-power, for all gas pressures. The results of de 

Vries [5] (obtained in a large batch reactor) for a CHF3 -plasma, despite 

some scatter in the measurements, also indicate a linear increase of the 

electron density as a function of RF-power. 

The extrapolations of all lines shown in figure 2.4 go through the 

origin. Since the plasma could be sustained even at very low power 

levels (0.05 W) this behaviour was expected. The results of de Vries 

however indicate relative high (2 1016 m- 3
} electron densities even at 

low power. 
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Ff.g. 2.lf. The electron density of a CF4 plasma as a fwiction of the 

RF-power. the gas pressure ts used as a parameter 

(AC-coupled, fl01D = 20 seem). 

From figure 2. 4 it is further evident that the electron density 

decreases with increasing pressure (p ) 10 Pa), a result also found by 

de Vries. 

If the series capacitor in the matching network (see section 1.3) 

is bypassed with an inductor, no self bias voltage can develop. The 

situation without this inductor is denoted AC-coupled (i.e. with self 

bias), the situation with inductor is denoted DC-coupled. The electron 

density of a plasma with a gas pressure of 20 Pa is shown in figure 2.5 

for these two situations. 

Figure 2.5 shows that the electron density in the DC coupled 

situation also depends linearly on the RF-power, but, although the 

thickness of the plasma decreases {see section 4.2), is substantially 

lower than in the AC-coupled situation. 
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For comparison the electron density has also been measured for a 

noble gas (argon) plasma, see figure 2.6. The measuretents shown in 

figure 2.6 have been obtained at an argon pressure qf p = 13 Pa. 

Similarly to the CF4 -plasma a linear dependence on the RF~power is found 

for both an AC-coupled and a DC-coupled plasma. Again the electron 

density in a DC-coupled plasma is lowest. The electron densities for 

argon are about 3 times higher than in a CF4 plasma at 13 Pa. 

If it is assumed that, at the same power level. both CF4 and Ar 

plasmas have the same rate of ionization, the higher electron density 

for argon may be attributed to lower ambipolar diffusion losses due to 

the high cross section for charge transfer for Ar+ to Ar. 

Gas pressure 

The results of the variable power measurements (fig. 2.4) already 

indicated that the electron density depends on the gas pressure. To 

investigate this dependence in more detail the electron density has been 

measured for pressures in the range of 5-70 Pa. 
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Fig. 2.7. The electron density of a CF4 plasma as a fwiction of the gas 

pressure. The parameter is the mode of coupling (see fig. 
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1be results, all obtained at an RF-power of 20 W .• for an AC and a 

DC-coupled plasma have been shown in figure 2.7. It is found that, for 

both AC and DC coupled plasmas the electron density has a maximum at a 

gas pressure of about 10 Pa. Figure 2.7 further shows that the 

difference in ne' between an AC and a DC-coupled plasma vanishes for 

pressures greater than p = 40 Pa. An attempt to eXplain the maximum in 

the electron density has been ma.de by Vallinga [17]. Though Vallinga did 

not include attachment in his calculations, it is believed that negative 

ions (F-) play a dominant role. 

For the electron density two reactions are of importance, 

ionization 

and attachment 

Ftg. 2.8. 
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In figure 2.9 the rate constant for ionization and for attachment 

of CF4 are shown (see also chapter 3). From the measurements of the 

lowering of the cavity Q-value (section 2.5) and from the optical 

emission measurements (see section 4.3) the rate for mombntum transfer 

and the rate for excitation can be determined. Both rates show a 

decrease for pressures up to about 20 Pa and a slight increase for 

pressures higher than 20 Pa see figure. 2.8. 

2 3 4 5 
electron temperature Te leVl 

Ftg. 2. 9. Rate constants as a function of the electron temperature 

shown are: the rates for momentum transfer, (1) based on ref. 

[15} and (2) based on ref. [18]. The rate constant of 

tontzatton of CF4 , (3). The rates for attachment of C2 Fo, (4) 

and of CF4 , (5). For t;. see text (page 32) 
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Since the excitation rate determined from the optical emission 

corresponds to an energy level (E = 14.9 eV) close to the ionization 

energy, it is assumed that the ionization rate will show a similar 

behaviour. As shown in figure 2.9 this would correspond to a lowering of 

the electron temperature and, since the attachment rate is rather 

insensitive to changes in the electron temperature, also the ratio of 

attachment to ionization will increase. Both the increase of the ratio 

of the negative ion density to the electron density and the increase of 

pressure will lead to a decrease of the ambipolar diffusion losses. This 

means that the plasma can be sustained even if the ionization decreases. 

Ultimately the negative ion density can be high enough to neglect the 

loss of positive ions due .to diffusion with respect to the loss due to 

the gas phase recombination (reaction 3), 
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Fig. 2.10. The electron density of an Ar plasma as a function of the gas 

pressure. The plasma is AC-coupled {PRF 2.5 W). 
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Especially the sharp decrease of the ion-current (incident on the 

grounded electrode}, as measured with the mass spectro~eter indicates 

that the diffusion · 1osses decrease for increasing pressure. In the 

AC-coupled situation no ions could be measured for pressures in the 

range 2.5-45 Pa, which means that indeed reaction (3) must be the 

dominant loss process. 

For comparison the electron density has also been measured as a 

function of the gas pressure for an argon plasma. Since, for higher 

power levels and at higher pressures no stable plasma could be obtained 

(it could not be confined to the cavity) the measurements were taken at 

a low power level (2.5 W, AC-coupled). 

Figure 2.10 shows that for argon no maximum in the electron density 

is found for pressures up to p = 60 Pa. 

Gas flow 

Gas flow is an important parameter in plasma etching. As is shown 

in a paper by reference [19] and also in this work (chapters 3 and 4); 

the density of active species (e.g. fluorine) depends on the gas flow. 
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Fig. 2.11. The electron density of a CF4 plasma as a function of the gas 

flow. The JXlrameter ts the Ill.Ode of coupling (see fig. 2.5, 

PRF = 20 W, p = 20 Pa). 
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Though it was expected that the gas flow would only effect neutral 

particle densities, measurements of the electron density indicate that 

the electron density increases linearly with the gas flow. see 

figure 2.11. 

Assuming that loss processes (c.q. diffusion) for charged particles 

do not directly depend on the flow, means that changes in the electron 

density have to be explained through changes in the density of neutral 

species. 

If attachment plays a· role in the plasma, electrons can be stored 

in negative ions, which leads to changes in the electron density. 

In the experiments on the optical emission of a CF4-Ar plasma, it is 

found that the emission intensity of argon is independent of the gas 

flow (section 4.3). This indicates that the rate of excitation, Re= kex 

ne [Ar] is constant. Since the excitation energy involved (Eex= 14.9 eV) 

is close to the ionization energy of both argon and CF4 , it is expected 

that also the rate of ionization (R1) of argon and CF4 is independent of 

the flow. 

Taking ionization to be the dominant production process for 

electrons and ambipolar diffusion and attachment to be the loss 

processes, a simple balance equation can be found. The following 

attachment reactions have been considered 

(2) CF4 + e -+ F- + CFa k2 - 2 10-17 m3 s- 1 

(4) F2 + e ~ F- + F k4 ~5 io-16 :J -1 m s 

(5) C2F6 + e -+ F- + R kn ~5 10-16 :J -1 m s 

where R denotes several fragments of C2F6 . 

Information on the rate constants is given in chapter 3. The 

contribution of reaction (3) is expected to be insensitive to changes in 

the flow. At first it was believed that a change in the F2-density was 

responsible for the increase of the electron density. 

Estimates for the F2-densi ty obtained in section 3.3 however indicate 

that the molecular fluorine density is too low, so the contribution of 

reaction (4) is neglected. The C2F6 density as estimated in section 3.4 

indicates that reaction (5} may have a significant contribution. 
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It is assumed that, in first approximations the rate of loss by 

diffusion (Rd) remains constant. The balance equation then1 reads 

(2.10) 

If the contribution of reaction (4) is neglected, equation (2.10) can be 

reduced to 

where C is a constant. 

Using a constant CF4 -density, [CF4 ] = 3 1021 m- 3 (the experiments 

were performed at constant pressure and, in this first approximation gas 

temperature effects are neglected) and the measured electron densities, 

the change in the C2 f 6 -densi ty necessary for the increase of the 

electron density can be calculated. 

For the measurements of the AC-coupled plasma then a decrease in 

the C2 F6 -density of 6 1019 m- 3 results for a change in the flow from 10 

seem to 80 seem. This change of the C2 F6 density is well possible when 

compared with the estimate for the C2 F6 density obtained in section 3.4 

([C2 F6 ] ~ 8 1019 m- 3 at n 1016
, flow= 20 seem). 

e 
It is concluded that a decreasing attachment of electrons to C2 F6 

with increasing flow can explain the increase of the measured electron 

density. 

Admixture argon 

Mixtures of CF4 and argon are used to determine radical densities 

in the plasma using optical emission diagnostics, see section 4.3. 

Usually only small (2-5%) admixtures of argon are used, and it is 

assumed that. changes in the discharge characteristics caused by the 

argon are negligible. To check this assumption the electron density of a 

CF4 -Ar plasma has been measured as a function of the argon admixture. 

The measurement conditions were such that at constant RF-power (20 W) 

and pressure (67 Pa) and further a constant CF4 -flow (20 seem) the argon 

flow was increased from 0-8 seem. The result is shown in figure 2.12. 
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Fig. 2.12. The electron density of a CF4 /Ar plasma as a function of the 

admixture argon. The plasma ls AC-coupled, (PRF 20 W,p = 

67 Pa, flow CF4 = 20 seem). 

Figure 2.12 indicates that the electron density depends lineary on 

the admixture argon. It further shows that for low argon admixture (2%) 

the change in the electron density is indeed small (~ 0.5%). For an 

admixture of 2 seem (used in most of the experiments in section 4.3) an 

increase in the electron density of about 5% is found. 

Due to the higher charge transfer cross section for argon ions (a 

factor of ~ 3 for collisions with Ar and C2 F6 [20]) the ambipolar 

diffusion loss is likely to decrease with an increasing percentage of 

argon ions. The increase of the total flow and the decrease of the CF4 

partial pressure may lead to changes in the rate of loss for electrons 

due to attachment. It is believed that the uncertainties in the 

estimates for the density of negative ions as well as in the percentage 

of argon ions do not allow a detailed explanation of the increase of the 

electron density as shown in figure 2.12. 
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2.5. Electron collision frequencies, results 

The electron collision frequencies for momentum transfer can be 

derived from the measured Q-values. Equation (2) and (3) can be 

combined, resulting in 

(2.11) 

Since both the Q-value and the frequency shift Aw are measured, the 

collision frequency Dm can be directly calculated without assumptions on 

the radial and axial electron density profiles. It has been noted that 

in equation (2.3) the Lorentzian approximation is used, which strictly 

speaking is only valid for collisions with an induced dipole character. 

The collision frequency can be related to the total rate of momentum 

transfer (km) and the gas density by: 

(2.12) 

Here the assumption is made that CF4 is the dominant collision 

partner. The rate constant can also be calculated from experimental and 

theoretical cross section data. In figure 2.9 two rate constants are 

shown as functions of the electron temperature. The first rate constant 

shown as curve l, is calculated from a measured cross section given by 

Jones [15], using a Maxwellian EEO. A set of cross secti,ons for CF4 is 

given by Hayashi [18] and Masek [21]. Contrary to Jones, these authors 

indicate a minimum in the cross section for elastic collisions at E ~ 

0.1 eV, their values differ however a factor 10. If the value of the 

elastic cross section of Hayashi is used to calculate the rate constant 

k , curve 2 in figure 2.9 results. m . 
In principle two ways of evaluation of the measured data can, be 

folowed. First, from vm and the gas density an experimental value for km 

can be determined and, using the Te-values from chapter 4 be compared 

with the calculated curves in figure 2.9 (shown as A). Comparison shows 

an overall agreement with the magnitude of k of curve 1. · 
m 

A second way of evaluation is to use curve 1 of figure 2.9 to 

determine an effective electron temperature. Though. as discussed above, 

-32-



the accuracy of the determination is doubtful in view of the accuracy of 

cross section data. the assumption of Lorenztian collisions and 

deviations from a Maxwellian EED. However, some trends can be 

identified. In general it can be stated that a decrease of um points at 

a decrease of the effective electron temperature. 

Here three trends will be discussed: the behaviour as a function of 

RF power, the difference between OC and AC coupled plasmas and the 

dependence on the pressure. It should be noted that al 1 the observed 

trends are confirmed by (argon) line emission data, a method which is 

much more sensitive to electron temperature variations. 

RF-power, mode of coupling 

The collision frequency has been measured as a function of the 

RF-power. In figure 2.13 the results are shown for a mixture of CF4 and 

argon (resp. 20 seem and 2 seem) at a pressure of 13 Pa. Here a mixture 

is used for comparison with the actinometric measurements (section 4.3}; 

the difference with a pure CF4 plasma is negligible. 
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Fig. 2.13. The collision frequency for momentum. transfer of electrons in 

a CF4 /Ar plasma as a function of the RF-power. The parameter 

is the mode of coupling (see fig. 2.5). {p = 13 Pa, flow CF4 

= 20 seem, flow Ar= 2 seem}. 
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Figure 2.13 shows that the electron collision frequency decreases 

with increasing RF-power and that the collision frequencies are higher 

for a ~-coupled plasma than for an AC-coupled plasma. Sibce the rates 

for excitations as determined by emission spectroscopy (see section 4.3} 

also decrease with increasing RF-power. it is likely that also the 

ionization rate decreases. If it is assumed that the ambipolar diffusion 

losses do not change appreciably (constant pressure), 'a decreasing 

ionization rate would conflict with the linear increase in the electron 

density {fig. 2.4). An extra ionization imput due to secondary 

electrons, released by the ion bombardment on the powered electrode 

(AC-coupled situation), could explain the increase of ne despite a 

decrease of the ionization rate. lbe fact that the same behaviour of the 

electron collision frequency is found for an argon plasml!l, as well as 

the strong asymmetry of the emission profiles in an argon plasma 

(section 4.2) for higher pressures, are in favour of this hypothesis of 

secondary electrons. 

lbe role of secondary electrons has been investigated theoretically 

Ftg. 2.14. The colltston frequency for momentum transfer of electrons tn 

an Ar plasma as a function of the RF power. The parameter is 

the mode of coupling (see fig. 2.5), p = 13 Pa. 
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and experimentally by Godyak and Khanneh [22]. Their experiments on a 

He-discharge (RF-frequency 3.2 MHz. pressure 400 Pa) also show a 

decrease in the electron temperature with increasing RF-power 

(RF-voltage) if the discharge is in the regime where secondary electrons 

dominate the ionization process (;-regime). 

The higher collision frequencies for the DC-coupled plasma. suggest 

that the losses for electrons are higher in a DC-coupled plasma.. 

If a constant rate of ionization is assumed, higher losses will result 

in lower electron densities which in turn necessitate an increase in the 

electron temperature to sustain the plasma. Combination of figures 2.5 

and 2.13 indicates that indeed a high electron density (AC-coupled) 

corresponds to a low electron temperature and that a low electron 

density (DC-coupled) corresponds to a high electron temperature. 

The measurements of the electron collision frequency in an argon 

plasma. (0.1 torr) are shown in figure 2.14. The collision frequencies in 

an argon plasma are lower than in CF4 but generally show the same 

behaviour as in a CF4 plasma, i.e. a decrease with increasing RF-power 

and again higher collision frequencies for the DC-coupled plasma. 

0 20 40 60 
pressure !Pa} 

Fig. 2.15. The collision frequency for nwm.entum. transfer of electrons in 

a CF4 plasma as a function of the gas pressure. The plasma is 

AC-coupled, (PRF = 20 W, flow= 20 seem). 
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Gas pressure 

The electron collision frequencies for momentum transfer have been 

determined as a function of gas pressure. The results for an AC-coupled 

CF4 discharge (PRF = 20 W) are shown in figure 2.15. 

Measurements of the collision frequency in a DC-coupled plasma (not 

shown) indicate a higher collision frequency for pressures up to 20 Pa. 

For higher pressures no significant difference with the AC-coupled 

plasma is found. The deviation of the measured coll is ion frequencies 

from a straight line, figure 2.15, indicates that the rate constant i.e. 

the electron temperature varies with increasing gas pressure. 

The rate constant for momentum transfer as derived from the measurements 

and equation (2.12) has been shown in figure 2.9. 

0 
u 

0 20 40 
pressure !Pa I 

60 

Fig. 2.16. The colltsion freque?UZy for momentum transfer of electrons tn 

an Ar plaSllla. as a function of the gas pressure. The plasma ts 

AC-coupled, (PRF = 2.5 W). 

The measurements of a pure argon plasma shown in figure 2.16, 

except for one datapoint at p = 7 Pa indicate a linear increase of the 

collision frequency with increasing pressure also. for argon, an 

extrapolation of the straight line passes through the origin as expected 

from equation (2.12). 

-36-



2.6. Discussion 

The new method to determine electron densities in an etch plasma as 

discussed here, can be conveniently implemented in a single wafer etch 

reactor. The shift of the resonance frequency of a mode can be measured 

with a high accuracy; the accuracy of the resulting ne-values is mainly 

determined by the assumptions on the spatial distribution of the plasma 

in the microwave cavity. It is believed that the spatial profiles of the 

optical emission of the plasma are the best available approximation for 

the spatial distribution of the electrons. 

Calculations on the radial distribution effect on the N -values indicate 
e 

that a crude approximation (homogeneous distribiution. for the radial 

density profile} for a strongly inhomogeneous plasma only leads to a 

difference in n of about 30%. 
e 

It is therefore concluded that if the optical emission profiles are 

used for the electron density distribution the accuracy of the ne-values 

will be significantly better than 30%. 

For a resonance frequency of 3 GHz electron densities can be accurately 

determined as high as n ~ 5 1016 m- 3
; for frequency shifts greater than 

e 
Af ~ 100 MHz a severe distortion of the resonance curve is observed. 

Also the theoretical estimates indicate limiting effects for densities 

in excess of n ~ 5 1016 m- 3
• 

e 
The determination of electron coll is ion frequencies, using the 

lowering of the Q-value of the loaded cavity, depends on the assumption 

for the plasma conductivity (i.e. the cross section for momentum 

transfer}. The absolute value for the collision frequencies is therefore 

limited to an accuracy of about a factor 3. If the Lorentz conductivity 

is used, a relative accuracy of about 5% is obtained, except for the 

collision frequencies given at low power levels {i.e. a small A Q- 1
), 

where an accuracy of about 10% applies. 

In the parameter range investigated in this work the electron density 

varies linearly with the RF-power level. Preliminary experiments for a 

greater electrode separation (Le. 4 cm} indicate a more than linear 

increase of the electron density for power levels greater than 20 W. The 

difference in pressure dependence of the electron density of a CF4 and 

an argon plasma (together with results from other diagnostics) indicate 

that in a CF4 plasma negative ions play an important role for pressures 

p ) 10 Pa. Also the increase of the electron density with increasing 
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flow points to a role of negative ions. 'Ibough the explanation involving 

attachment to C2 F6 is somewhat ad hoc and a detailed calculation is 

unrealistic the order of magnitude estimate of the necessary decrease of 

the C2 F6 density agrees well with the estimate for the C2 F6 density 

obtained in chapter 3. 

A discussion on the validity of the electron frequenct measurements 

is already given in section 2.2. 'Ibe results presented irl section 2.5. 

indicate that the electron temperature varies with both the RF-power 

level and the gas pressure. 'Ibough it is not possible to obtain accurate 

quantitative data, the qualitative behaviour is in agreement with 

optical emission and ion current measurements. 
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3 THEOREfICAL IEI'ERMINATICX( OF PARTia.E DENSITIES 

3.1. Introduction 

To find an estimate for the density of several species in the 

discharge a theoretical approach can be used. In this work particle 

densities are only investigated for a CF4 plasma in a steady state and 

without silicon present. This means that the particle densities can be 

inferred from a balance of the rates of production and loss processes. 

Since many reactions can occur between species, the balance equations 

for the various particles will be strongly coupled. 

If all production and loss processes are taken into account, the 

densities of different species can be found numerically, an approach 

that has been used by Edelson and Flamm [1) and Kushner [2). The 

influence of various processes can be investigated by varying the 

corresponding parameters in the computer program. 

In this work the balance equation for each type of particle will be 

derived. In this way, for each type of particle, the dominant production 

and loss processes can directly be recognized. Of course it will be 

necessary to know an estimate of the density of different species to 

find the importance of several gas phase and heterogeneous reactions. 

Therefore the set of all balance equations has been solved at a standard 

condition (PRF = 20 W, p = 13 Pa, flow = 20 seem, ne = 1016 m- 3
). The 

presentation of the investigations is such that first the balance 

equation for each type of particle is derived and that, secondly, a 

numerical estimate of the density of the specific particle is given 

(using the density of the other species as calculated for the standard 

condition). 

Only the species that can be expected to be of reasonable importance 

will be discussed (i.e. F2 , C2 F6 , CF2 , CF3 and F). Also. for the 

interpretation of the electron density measurements, an estimate is made 

of the negative ion density (F-). 

It is believed that detailed calculations of the density of various 

species is unrealistic since many of the available rate constants are 

only an order of magnitude estimate and because the gas temperature 

(necessary for the neutral density, and because several rate constants 

for neutral-neutral reactions depend strongly on the temperature) is not 

accurately known as a function of different discharge parameters. 
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Further, since the microwave diagnostics and optical emission 

spectroscopy indicate that the electron temperature varies as a function 

of the discharge para.meters, detailed knowledge of the dependence of 

various rate constants on the electron temperature would be necessary. 

In the numerical simulation of a CF4 plasma (also with Si-present) by 

Edelson and Flanun [1]. a very complete set of gas phase and 

heterogeneous reactions is given. 

Many of the rate constants used in the analysis in this work have been 

adopted from reference [1]. 

In the analysis given in reference [2]. a very complicated scheme of 

reactions is indicated. However for many reactions between neutral 

particles very low reaction rates apply at T - 300 K. To indicate that 

the contribution of several reactions indeed can be neglected these 

reactions and their rate constants (at T = 300 K} are given in this 

work. The rate constants are expected to increase if molecules exist in 

a highly excited vibrational state. 

3.2. Transport properties 

In the balance equations, besides gas phase reactions. transport 

can be a significant loss mechanism. Transport processes are diffusion 

to the walls and gas flow. In this work neutral particles have a thermal 

velocity of about 300 ms- 1
, and flow related (bulk} velocities are about 

1 ms- 1
• Therefore the diffusion processes are considered to be 

unaffected by the gas flow and diffusion and flow will be treated as 

independent mechanisms. 

Since the plasma is confined between electrodes, diffusion is only an 

effective loss process if surface reactions (e.g. recombination, 

adsorption) take place. For charged species surface recombination is 

very fast. so charged species are indeed lost when they reach the walls. 

For neutral particles two loss processes at the walls are considered: 

chemisorption and heterogeneous reactions with adsorbed part.icles. 

Chemisorption can be described in terms of a sticking factor; the number 

of particles that are chemisorbed (typical surface binding energy Eb 1 

eV) per incident particles is called sticking coefficient (s. typ. s ~ 

10-4 
- 10-3 for radicals). It is to be noted that particles that are 

only physisorbed (El, ~ 0,1 eV) will readily desorb. Therefore 

physisorption is not taken as an effective loss process. For saturated 
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molecules therefore a sticking coefficient s = 0 is used. 

Diffusion loss is normally described in terms of a diffusion 

coefficient (D) and a density gradient, 

(3.1) 

where Ni is the number of particles (type i), ni is their density and A 

the surface area. Since the density gradient and the boundary conditions 

are not a priori known, the diffusion loss is estimated in an other way. 

For neutral particles the loss to the walls due to chemisorption can be 

described as, 

(3.2) 

where vth{i} is the thermal velocity of the particles of type i. 

To relate this loss to gas phase loss processes both sides of equation 

{3.2} can be divided by the volume of the reactor {V), 

(3.3) 

If for the effective loss through chemisorption {sticking) a diffusion 

time constant is defined as 

(3.4) 

equation (3) can be given as 

{3.5) 

The effective loss through heterogeneous reactions with adsorbed 

molecules can be described in terms of a rate constant similar to gas 

phase reactions if the density of the adsorbed molecules (reaction 

partners) is expressed as an equivalent volume density n1{s). Here 
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an estimate has to be made, e.g. ni(s) = Ni(s)A/V. 

The estimate for the rate of loss due to flow is straightforward. 

If, at t = t 0 a number N0 of particles {e.g. CF4) is present in the 

volume of the reactor, then the flow time-constant can be defined as the 

time Tf in which this number of particles originally present has fallen 

to N0 /e (logarithmic decrement). The loss of particles through flow can 

be given as, 

{3.6) 

It is to be noted that for a certain mass flow (i.e. dN/dt) this flow 

time-constant depends on the gas pressure {and temperature), since 

N0 = noV (no is related to the pressure and temperature by the ideal gas 

law). 

3.3. The Balance equation for F2 

Molecular fluorine is produced in gas phase and surface reactions 

in which always atomic fluorine is involved. To solve the balance 

equation for atomic fluorine (and also for CF3 , CF2) an estimate of the 

molecular fluorine density is therefore necessary. Since negative ions 

(F-) can be produced by electron impact on molecular fluorine, also for 

the charged particle balance equations, knowledge of the F2 density is 

desirable. 

Production mechanisms 

For the production of molecular fluorine (gas phase) the following 

reactions have been taken into account: 

(1) F + F + M ' F2 + M k1 ~ 10-46 6 -1 m s 

(2) F + CF4 ' F2 + CF3 ka ~5 10-77 3 -1 m s 

(3) F + CF3 ' F2 + CF2 k3 -5 10-56 3 -1 ms 

(4) F2(s) -') F2 

where M denotes an arbitrary heavy particle and F2{s) denotes absorbed 

molecular fluorine. It is noted that reactions (1) (3) are heavy 
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particle reactions, the rate constants are therefore a function of the 

gas temperature. lhe rates indicated are at T = 300 K. lh~ rate constant 

for the termolecular reaction (1) has been taken from Seeger [3], a 

value of k = 7 10-47 m3s- 1 is reported. Reference [l] indicates a value 

of k = 2 10-46 m3 s- 1
, so k = 10-46 m3s- 1 is used as an order of 

magnitude estimate. lhe rates for the reactions (2) and (3) have been 

taken from Modica [4]. 

Adsorbed molecular fluorine is formed in the surface reaction, 

(5) F{s) + F(s) ~ F2(s) 

which is expected to proceed very fast [1]. 

Taking reaction (5) to be the only reaction for adsorbed fluorine [1], 

in a steady state, adsorption of (atomic) fluorine will be balanced by 

desorption of molecular fluorine: the number of fluorine molecules, 

leaving per unit surface and time, is equal to one half of the number of 

fluorine atoms being adsorbed. 

If other loss processes for adsorbed atomic fluorine are of 

importance, a branching ratio ~ (0 ~ ~ ~ 1) can be introduced. 

Loss mechanisms 

Molecular fluorine can be lost in gas phase reactions either by 

coll is ions with electrons or neutrals, indicated by the following 

reactions 

(6) F2 + e ~ F + F + e k6 ,..,5 10- 115 m3 s- 1 

(7) F2 + e ~ F + F- k7 ,.., 5 10-16 mas-1 

(8) F2 + CF3 ~ F + CF4 ka ,.., 10-1a m3s-1 

(9) F:a + CF2 ~ F + CF3 k9 ,.., 2 10-20 m3s- 1 

(10) F:a +M ~ F+F+M kto ,.., 10-41 m3s-1 

lhe values of the rate constants are given at an electron temperature of 

T = 3 eV and again at a gas temperature of T = 300 K. lhe rate constant 
e . 

for reaction (6) is given by Whitther [5]. Concerning reactiOn (7), a 

summary of dissociative attachment rates is given by Schneider [6]. For 

both reactions (6) and (7) the rate expressions as given by Edelson [l] 

are used (see figure 3.1, curve 1). 
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Fig. 3.1 Rate constants for several processes as a function of the 

electron temperature. 

1. ke. F2 + e -+ F + F + e 

2. k30 CF4 + e -+ CF3 + F + e 

3. k.39 CF4 + e -+CF3+ + F + 2e 

4. k7 F2 + e -+ F + F-

5. ku1 C2F1> + e -+ F- + x 
6. k:H CF4 + e -+ F- + CF3 • 
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For the bimolecular reactions with unsaturated species the rate 

constants have been taken from references [3] and [4]. For reaction (8) 
the value of reference [3] has been taken which compares favourably with 

the estimate of reference [1]. however being about two order of 

magnitude higher than indicated by Modica [4]. For reaction (3), Modica 

[4] and Seeger [3] give respectively a rate constant of r 10- 19 m3 s- 1 

and 2 io-21 m3 s- 1, so k9 = 2 io-20 m3 s- 1 has been taken a~ an order of 

magnitude estimate. Data found for dissociation of F2 upon impact with 

neutrals (reaction (10)) are, 4 10-41 m3 s- 1 [3], 3 10-42 m3 s- 1 (M =Ar) 

and 6 10-42 m3 s- 1 (M = F2) [7], so a rate of k 10 ~ 10- 41 m3 s- 1 seems 

appropriate (reference [4] indicates a strongly deviating value k 10 ~ 9 
io-36 m3s-1). 

Further, loss of molecular fluorine occurs through transport. only 

the effect of gas-flow has been taken into account (sticking of F2 is 

asswned to be negligible). 

Balance equation 

The balance equation now reads 

(3.7) 

If the contributions of reactions (2,3) and (9,10) are neglected, the 

molecular fluorine density equals 

k1[CF4][F]2 + ~ ~ Td~(F )[F] 

(k& + k7)ne + k8 [CF3 ] + Tf 1 
(3.8) 

Substituting numerical values [CF4] = 3 1021 m- 3 , ne = 1016 m- 3 

Te= 3 eV, [CF3 ] = 2 1019 m- 3
• T£ 1 = 20 s- 1. then leads to F2-densities 

of about [F2] ~ 3 1012 m-3 for [F] = 1019 m- 3 and ~ 0, to about [F2 ] ~ 

2 1017 m- 3 for ~ = 1. 
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It can be concluded from these estimates that, for realistic fluorine 

densities, reaction (5) followed by desorption is the dominant 

production process for F2 • It is further found that for the crelatively 

high flows used in this work, gas flow is a loss process in the same 

order of magnitude as reactions (6), (7) and (9). 

3.4. The balance equation for CaF6 • 

The main reason for investigating the density of C2 F& lies in its 

importance for the CF3 balance equation. In all processes leading to 

formation of C2 F& considered of interest in this work. two CF3 molecules 

are involved (reactions involving e.g. C2 F4 have been neglected). This 

means that formation C2 F& may be an important loss process for CF3 (1). 

On the other hand, dissociation of C2 F& again leads to liberation of two 

CF3 molecules, therefore, at the end of the paragraph the effective loss 

of CF3 will be discussed. 

For convenience, the overall reaction scheme has been given below. 

CF3 + CF3 +::! C2 F& 1 + M --+ C2 F& 

'------- + e __J L flow 

The first line indicates a heterogeneous reaction involving adsorbed 

CF3 , the second line shows a chain of gas phase reactions involving 

excited C2 F& as an intermediate particle, the third line finally shows 

the loss reactions for C2 F& that have been taken into account. 

Production mechanisms 

To start with the gas phase reactions, it will be clear that, due 

to the possibility of auto-dissociation of C2 F! • first an estimate of 

For C2 F& 1 the production reaction is 
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and the loss reactions are 

{12) C2F6 1 ~ CF3 + CF3 

{13) C2F6 1 + M ~ C2F6 + M1 

k 12 - 1.3 104 m3 s-1 

ki3 - 1.7 10- 16 m3s- 1. 

The rate constants are adopted from Edelson and Flamm [1] {see also 

references cited therein}. The rate for reaction { 11) agrees very well 

with the value given by Seeger [3]. 

For the intermediate C2F6
1 the balance equation reads 

k11(CF3]2 = kt2[C2F6 1
] + ki3(CF4](C2F6 1

] + 

{Tf
1 

+ Td~}[C2F6 1 ] {3.9} 

Estimating the transport coefficients as discussed earlier, it proves 

that even in the case of a sticking coefficient s(C2F6 1
} = 1 {i.e. all 

molecules are deexcited at the wall, diffusion (Td~ = 5 103 s- 1
} and 

flow (T{ 1 = 20 s- 1
) can be neglected in equation (3.3). Thus, the C2F6 1 

density can be expressed as 

k11[CF3]2 

[C2F6 1
] = ------ (3.10) 

In reference [4] the rate for a termolecular reaction leading to C2F6 is 

given 

The value indicated for k14 is again at T = 300 K. It may well be that 

under the conditions of Modica's [4] experiments reaction (14) actually 

proceeds as a cascade of reactions (11) and (13). Here, in the balance 

equation it wil 1 be treated as a separate mechanism for production of 

C2F6. 
A third mechanism for production of C2F6 is the heterogeneous reaction 

o'f CF 3 (gas phase) with CF 3 adsorbed on the walls of the reactor 

(CF3(s)). Following reference [1] a contribution of the surface reaction 
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CF:i(s) + CF3 (s) -+ C2 F6(s} has been neglected. In the heterogeneous 

reaction first C2 F6(s} is formed 

Using equation (3.20), as derived in the paragraph on the CF3 balance 

equation, for the CF3 {s} density (the adsorbed CF3 density is expressed 

as an equivalent volume density). the rate of production of C2 F6{s) is 

then equal to 

R (15) p (3.11) 

In a steady state this production of C2 F6(s) will be balanced by 

desorption (desorption is taken to be the only loss process}. Thus, 

equation (3.11) also gives the rate of production of C2 F6 {gas phase) by 

the heterogeneous reaction (5). 

Loss mechanisms 

Gas phase loss processes for C2 F6 are dissociation by collisions 

with electrons and neutrals and various dissociative attachment 

reactions 

{16} C2 F6 + e -+ CF3 + CF3 + e 

(17} C2 F6 + M -+ CF:i + CF:i + M 

(18) C2 F6 + e -+ F- + X 

k16 = 5 10-15 m:is-1 

k17 = 10-61 m3 s- 1 

k 18 5 10-15 m3 s- 1 

The rate constant for reaction (16) is adopted from reference [l], the 

rate constant for reaction (17) is from reference [4] (at T = 300 K}. 

Several reactions for dissociative attachment are given by Harland and 

Franklin [8], here X stands for pentafluoro-ethane in an excited state 

or its fragments. In a paper by Christophorou et al.[9] a total 

attachment rate constant is given, k 18 is shown as a function of Te in 

figure 3.1 (curve 5). A further loss mechanism for C2 F6 is flow. Since 

the sticking coefficient for C2 F6 is assumed to be zero. diffusion is 

not considered as an effective loss process. 
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Ba.lance equation 

If the contributions of .reactions (14) and (17) !are neglected 

beforehand, the balance equation reads 

(3. 12) 

Substituting the C2 F6
1 density as given by equation (3.10) leads to the 

following equation for the C2 F6 density 

k11k13(CF3] 2 [CF4] k15Td1 (CF3)(CF3] 2 

--------+ s 
kt2 + k13[CF4] k3e[F] + kt6(CF3] 

[C2F6] = ------------------ (3.13) 

Effective loss of CF3 into C2 F6 • 

In principle, the effective loss of CF3 into C2 F6 can now be 

calculated. The rate of loss of CF3 into ~F6 equals, (reactions {11) -

(13) and (15)) 

k15Td1(CF3)(CF3] 2 

R' = 2k16[CF3]2 + ___ s ____ _ 

l k3e[F] + k15[CF3] 
(3.14) 

The rate of production of CF3 out of C2 F6 equals. (reaction (16)) 

(3.15) 

The rate of production of CF3 out of C2 F6
1 equals (reaction (12)) 

(3.16) 

The effective rate of loss is then equal to Re'rr = R: - R'(16) - R'(12). 
l p p 

Due to the expression for the C2 F6 density (equation (3. 13)) the 
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resulting equation for the effective loss of CF 3 into C2 F6 is rather 

complex. To get an order of magnitude estimate, a first order 

approximation will be made. In figure 3.2 the ratio's r 1 and r 2 ; 

are shown as a function of pressure (i.e. [CF4 ]). 

100 

~ 
• 10 

.::-
0 

10 100 
pressure !Pal 

Fig. 3.2. Ratios of rate constants r 1 , r 2 (see text) as a function of 

the gas pressure. 

It follows that for the pressure range investigated (5 - 50 Pa.), both 

ratio's are equal to 10 or larger. This indicates that it is indeed 

correct to neglect the contribution of reaction (14) over the whole 

pressure range investigated. If the contribution of the heterogeneous 

reaction (15} is also neglected, the C2 F6 density can be approximated as 
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[C2Fe.] - --------
(kie. + kie)ne + Tri 

(3.17) 

Dissociation of C2F6 (reaction (16)) then leads to a rate of production 

of CF3 of about 

(3.18) 

In this approximation. 2k11 (CF3 ]
2 represents the rate of loss of CF3 

into C2F6. In equation {3.18) the terms have been so arranged that the 

expression in brackets expresses the fraction (f) of this loss that is 

converted back into CF3 • 

For conditions typical in this work, Tri= 20 s-i. ne = 10i6 m- 3 this 

fraction can be calculated to be equal to f - 0,4 for the value of k16 
indicated (ku - 5 10-16 m3 s-i}. This value for ku, is however an 

estimate at T = 5 eV [1]. If a lower value. k16 - 5.10-16 m3 s- 1 (at e 
lower Te} is used, the fraction of the initial loss of CF3 that is 

converted back reduces to about f - 0,07. It will be clear that for 

lower values of Tri (as used by others) the fraction that is converted 

back will be about f - k1 6 /{ki 6 + ki 8 }. 

It is concluded that for the loss of CF3 into C2F6 the chain of 

reactions (11} - (13} is dominant, in agreement with the conclusion of 

Edelson and Flamm [1]. However, depending largely on the value of k16 
and of the flow time-constant, an appreciable fraction of this loss may 

be converted back. 

Finally. since ~F6 may be of importance for the balance equations of 

other particles an estimate of its density is calculated at [CF4 ] 3 
2i -3 IOi6 -3 -1 20 -1 [CF ] 2 lOi9 -3 F 10 m , ne = m , T f = s , 3 = m . or 

ki 6 = 5 10- 15 m3 s-i results: [C2F6] - 1 1019 m-3 and, for k16 = 5 10-16 

m3 s- 1 results: (C2F6] - 2 1020 m- 3
• 
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3.5. The balance equation for CF2 

The expected role of CF2 in polymerization processes and its role 

as an intermediate particle in gas phase reactions necessitate an 

estimate of its density in the discharge. Further, since a large amount 

of CF2+-ions has been measured with the mass spectrometer, an estimate 

of the CF2 density can clarify the role of neutral CF2 as a parent for 

these ions. 

Production mechanisms 

The following reactions for the production of CF2 have been taken 

into account 

(19) CF3 + e .... CF2 + F + e k19 ~ 10-16 3 -1 ms 

(20) CF3 + M .... CF2 + F+M k2o ~s 10-68 3 -1 m s 

(3) CF3 +F .... CF2 + F2 k3 ~s 10-66 3 -1 ms 

(21) CF3+ + e .... CF2 + F k21 ~4 10-13 3 -1 m s 

(22} CF2+ + F- .... CF2 + F k22 ~4 10-13 3 -1 m s 

(23) CF + F + M .... CF2 + M k23 ~2 10-40 6 -1 ms 

For the dissociation of CF3 by electron impact the s~te has been 

used as for the similar process for CF4 , due to the lower dissociation 

energy of CF3 (3.9 eV compared to 5.3 eV for CF4 [10]). it may however 

be somewhat larger. Rates for dissociation of CF3 by collisions with 

neutrals reactions (20) and (3) have been taken from Modica [4], it 

follows that these processes can be neglected at T = 300 K. The 

dissociative attachment rate is an order of magnitude estimate as is the 

rate for reaction (22), see reference [1]. The rate for the termolecular 

reaction (23) is again taken from Modica [4]. 

In a paper by Flamm [11] two more production reactions for CF2 are 

given, 

(24) C2F6 + e -+ CF3 + CF2 + F 

(25) C2F6 + e -+ CF4 + CF2 

Reaction (24) actually proceeds through a highly excited CF3 molecule as 

intermediate (CF3J -+ CF2 + F). In this work, the continuum radiation 
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accompanying this dissociation has not been measured howe~er. Since for 

both reactions no rate constant is available they will be 4mitted in the 

balance equation and will only be discussed in the nume~ical density 

estimates. 

Loss mechanisms 

Gas phase loss reactions for CF2 are 

(26) CF2 + e -+ CF3 + F + E k26 - 10-16 3 -1 m s 

(9) CF2 + F2 -+ CF3 + F kg -2 10-20 3 -1 m s 

(27) CF2 + F- -+ CF3 + e k27 - 5 10-16 3 -1 m s 

(28) CF2 + CF2 -+ C2F4 k2e 3 10-23 3 -1 m s 

(29) CF2 + F + M -+ CF3 + M k29 4 10-38 6 -1 m s 

For the dissociation reaction (26) again the same rate constant is used 

as for CF4 . 1be rates for reactions (9) and (29) have been taken from 

reference [4], the rate for reaction (27) is based on the similar 

reaction of CF3 [1]. 1be rate for reaction (28) has been taken from 

Dalby [12]. 

Further loss processes are flow and diffusion, using ~th= 310 ms- 1 

as the thermal velocity of CF2 and a sticking coefficient of s(CF2) 

2 10-3 , an equivalent reciprocal diffusion time constant of Td~(CF2 ) 

15 s- 1 is calculated. 

Balance equation 

If the contributions of reactions (20, 3, 23) and (9) (see estimate 

for [F2] obtained in section 3.3) are neglected, the resulting balance 

equations read 

(3.19) 

To find an estimate of the CF2 density, besides the rate constants 

indicated, the following particle densities have been used: [CF4] = 
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3 1021 -3 = 1016 m-3 • [F] = 1019 -3 [F-] = 3 1016 -3 [CF3] m n m m e 
2 1019 -3 m • [CF3+] = 2 1016 m -3 and [CF2 +] = 2 1016 m-3 . 

It is found that the contribution of reaction (28) can be 

completely neglected and that reactions (26). (27) and (29) together 

with flow and diffusion are the main loss mechanisms (all about the same 

order of magnitude). The major production process for CF2 proves to be 

dissociation of CF3 by electrons, reaction (19). 

For the conditions mentioned, a CF2 density of [CF2] "' 1017 m-3 results. 

If also production of CF2 by reaction (24) is considered and a rate 

constant k24 = 5 10-16 ~3s- 1 is assumed (see discussion in section 3.4 

on the rate constant for k16), the CF2 density would increase to [CF2] "' 

1018 m- 3 (using [C2F6] = 7 1019 m-3). 

3.6. The balance equation for CF'3 
Of the unsaturated carbon fluorides in a CF4 discharge CF3 is 

produced first and can be the parent particle for further dissociation 

reactions. Besides, the unsaturated CF3 may be saturated by gas phase 

reactions with atomic and molecular fluorine or through associative 

detachment with F-. Since the rates for these saturation reactions are 

such that they cannot be neglected, an estimate of CF3 density is 

necessary for the evaluation of the balance equations of these fluorine 

species. It has been suggested by Heinecke [13] that the CF3 radical may 

be an etchant for Si02, which is another reason for investigating the 

CF3 density. 

Production mechanisms 

The following gas phase reactions for the production of CF3 have 

been considered 

(30} CF'4 + e -+ CF'3 + F + e k3o "' 10-1& m3s-1 

(31) CF'4 + e -+ CF3 + F- k31 "'2 10-17 m3s-1 

(2) CF'4 + F -+ CF3 + F2 k2 "'5 10-77 m3s-1 

(32) CF4 +M -+ CF3 + F + M k32 "' 10-92 m3s-1 

(33) CF3+ + e -+ CF'3 k33 "'5 10-18 3 -1 m s 

(34} CF3+ + F- -+ CF3 + F k34 "'4 10-13 3 -1 ms 

(9) CF'2 + F2 CF'3 + F k9 "'5 10-56 3 -1 
-+ m s 
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(29} CF2 + F + M -+ CF3 + M 

{16} C2 F6 + e 

{12} C2 F6 
1 

k29 

k16 

k12 

-4 10-38 

- 5 10-15 

- 1.3 104 

m6s 1 

m3s 1 

s-1 

The rate for reaction (30} is based on a cross'-section given by Winters 

[14], the same value has been used by reference [1]. The rate for the 

attachment reaction {31} is based on a cross-section given by 

Christophorou [9]. For the bimolecular reactions {2. 9, 32} and the 

termolecular reaction {29} rates have been adopted from reference [4]. 

The Tate for recombination reaction (33} is based on estimates given by 

reference[15] and for reaction (34} the value of reference [1] is used. 

Reactions (16} and (12} have been discussed in section 3.4. 

Loss l!!eCbaq"'ms 

Loss of CF3 can occur through gas phase reactions and through 

heterogeneous reactions and flow. Possible gas phase reactions are 

{19} CF3 + e -+ CF2 + F+E k19 - 10-16 mas-1 

(35} CF3 + F- -+ CF4 + e kas - 5 10- 16 m3sT 1 

(8) CFa + F2 -+ CF4 + F k0 - 10-10 mas-1 · 

(3} CF a + F -+ CF2 + F2 k3 -5 10-56 3 -1 m s 

(20} CF a +M -+ CF2 + F + M k2o - 5 10-68 3 -1 ms 

(36} CF3 + F + M -+ CF4 + M k36 -9 10-42 6 -1 ms 

{11} CF3 + CFa -+ C2FE> I k11 -6 10-18 3 -1 m s 

(14} CF a + CF3 + M -+ C2F6 + M k14 -3 10-41 m6s-1 

For the dissociation reaction again the same estimate has been used as 

for the dissociation of CF4 (due to a lower dissociation energy of CF3 
it may be somewhat larger}. The rate for associative detachment reaction 

(35} has been taken from reference [1]. The rate for the 

disproportionation reaction (8) is based on an estimate from Seeger [3]. 

(reference [1] uses k8 = 3.3 10-18 m3s- 1
}. Both authors use the value 

for the rate constant of a similar reaction (CH3 + F2). Values reported 

by Modica [4] (6 10-21 m3s- 1} and Vedeneev [16] (2 10-20 m3s- 1
} are 

about two orders of magnitude lower. The rates for dissociation of CF3 
by impact with neutrals (3) and (20} have been adopted from reference 
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[ 4]. Saturation of CF 3 in a termolecular reaction involving atomic 

fluorine reaction (36), can play a role in case of high F-densities, the 

rate constant is again from Modica [ 4] (in reference [ 1] a value of 

k36 = 3.5 10-44 m6 s- 1 is indicated). Reactions (11) and (14) have been 

discussed in section 3.4. 

Two heterogeneous reactions, leading to loss of CF3 • are 

considered, absorption on the walls 

and the formation of C2 F6 in the reaction of a CF3 molecule impinging on 

the walls with an absorbed CF3 molecule 

Reaction (37) is treated as an effective diffusion loss as discussed in 

section 3.2. for the sticking coefficient a value of s(CF3) = 2 10-3 is 

·used [1]. It is to be noted that in the total diffusion loss also 

reaction (15) is to be incorporated. 

Taking in account another heterogeneous reaction 

the steady state density of CF3(s) (expressed as an equivalent volume 

density) can be found. A simple balance equation of reactions (37), (15) 
and (38) leads to 

Td~ (CF:i)[CF:i] 
[CF3 (s)J = -----

k3e[F] + k 1 s[CF:i] 
(3.20) 

In figure 3.3 the absorbed CF3(s) expressed as an equivalent gas phase 

density has been plotted as a function of the gas phase CF3-density with 

the gas phase fluorine-density [F] as a parameter. The equivalent gas 

phase density is related to the surface density as described in section 

3.2. In this work the proportionality factor is equal to 10-2
. 
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Fig. 3.3. Adsorbed CF3 density (expressed as an equivalent volume 

density} as a function of the gas phase CF3 density. The gas 

phase fluorine density is used as parameter. 

Balance equation 

If the contributions of the reactions (2, 9, 12. 29, 32. 33} and 

(3, 14, 20) are neglected. the balance equation reads 

(3.21) 
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Treating the reactions (11), (15) and (16) in terms of an effective 

loss of CF3 as discussed in section 3.4 (resulting in equation (3.18), 

the following equation for the CF3 density results 

(3.22) 

Using numerical values. [CF4 ] = 3 1021 m- 3
• n e 

m- 3
, [F-] = 3 1016 m- 3

, [CF3 +] = 2 1016 m- 3
, [F2 ] = 1018 m-3 and T£

1 

20 s- 1
, Td~ = 15 s- 1

, an estimate for the CF3 density can be found. In 

case no CF3 • stored in C2 F6 , is released, a value [CF3 ] = 2 1019 m-3 is 

calculated. In case that 50 percent of the CF3 , stored in CaF6 is 

released a value of [CF3 ] - 3 1019 m- 3 is calculated. 

3.7. The balance equation for F 

Atomic fluorine is generally believed to be the most dominant 

radical in the plasma etching process. The relative density of atomic 

fluorine in the discharge can be investigated experimentally using 

emission spectroscopy (e.g. actinometry) or, downstream, using gas phase 

titration [ 17]. If the emission intensity of the fluorine emission is 

calibrated in principle, if the excitation rate constant and the 

electron density are known, the absolute density of fluorine can be 

obtained. Another reason to investigate the F-density is the role of 

atomic fluorine in reactions with other species. 

Production mechanisms 

For the production of atomic fluorine the following gas phase 

reactions have been taken into account 

(30) CF4 + e 

(39) CF4 + e 

-+' CF3 + F + e 

-+' CF3 + + F + 2e 
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k39 ~ 5 10-17 m3 s- 1 



{19) CF3 + e -+ CF2 + F + e k19 - 10-16 3 -1 ms 

(22) CF3+ + e -+ CF2 + F k22 -4 10-13 3 -1 m s 

(34) CF3+ + y- -+ CF3 + F k34 -4 10-13 3 -1 m s 

(23) CF2+ + y- -+ CF2 + F k23 -4 10-13 3 -1 m s 

(8) CF3 + F2 -+ CF4 + F ks - 10-1s m3s-1 

(9) CF2 + F2 -+ CF3 + F kg -2 10-20 3 -1 m s 

(6) F2 + e -+ F + F + e k6 -6 10-15 3 -1 
ID S 

(7) F2 + e -+ F + y- k7 -6 10-16 3 -1 m s 

{10) F2 + M -+ F + F + M k1o - 10-41 m3s-1 

(40) y- + e -+ F + 2e k4o - 4 10- 16 m3s- 1 

The rates for dissociation and ionization of CF4 are based on cross 

sections given by Winters [14] and Stephan et al [18]. 

The same values have been taken for the similar reactions of CF3 , due to 

the lower energies involved, 3.9 eV for dissociation and 10.1 eV for 

ionization, see reference [10], compared to 5.3 eV and 15,4 eV for CF4 . 

The rates for the recombination reactions (22), {23) and (34) have been 

adopted from reference [1]. The rates for the reactions in which 

molecular fluorine is involved have already been discussed in section 

3.3. The rate for the detachment reaction {40) has again been taken from 

reference [1]. 

Loss mechanisms 

Also for atomic fluorine both gas phase and heterogenous reactions 

have to be taken into account. Further a surface reaction in which F2 is 

formed has to be evaluated to find the effective loss of atomic fluorine 

by adsorption. To start with the gas phase loss, the following reactions 

have been considered, 

(2) CF4 + F -+ CF3 + F2 k2 -5 10-77 3 -1 m s 

(3) CF3 + F -+ CF2 + F2 k3 -5 10-66 3 -1 m s 

{36) CF3 + F + M -+ CF4 +M k36 -9 10-42 6 -1 m s 

(29) CF2 + F + M -+ CF3 + M k29 - 4 10-38 6 -1 m s 

(1) F + F + M -+ F2 + M k1 - 10-46 m6s-1 

The rate constants have already been discussed in previous balance 

equations. 
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lbe heterogeneous reactions for loss of atomic fluorine are 

(41) F ~ F(s) 

(38) F + CF3 (s) ~ CF4 (s) 

Adsorption of fluorine is treated as discussed in the section on 

transport properties (3.2). following [l] a value of s(F) = 10-4 for the 

sticking coefficient is used, the thermal velocity of F is taken to be 

520 ms- 1
• resulting in Td~(F) = 1.3 s- 1

• lbe rate constant for the 

reaction with absorbed CF3 is also adopted from [1] and, since the 

CF3 {s) density is again expressed as an equivalent volume density, is 

corrected for the geometry used in this work. 

For the adsorbed atomic fluorine the reaction 

(5) F(s) + F(s} ~ F2 (s} 

can take place. lbis reaction is expected to proceed very fast [1]. 

lberefore it is assumed that in a steady state all the atomic fluorine 

that is absorbed on the surface, in the end again leaves the surface as 

molecular fluorine. 

Balance equation 

lbe contributions of reactions (9, 10. 23, 40) are neglected. For 

the loss of atomic fluorine the reactions (1, 2, 3) are neglected. lbe 

balance equations then reads 

(3.23} 

In principle, using the expressions for different particle densities 

obtained in previous paragraphs, the equation for the atomic fluorine 

density can now be derived. 
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However, considering the numerical estimates for the various particle 

densities obtained earlier, in first approximation the balance equation 

can be reduced to 

(3.24) 

lhe atomic fluorine density can be solved 

[F] (3.25) 

It is to be noted that [CF3 ] is a (weak) function of the F-density and 

also [CF3 {s)] depends on the fluorine density. 

For a typical discharge condition used in this work. [CF4 ] = 3 1021 m- 3
, 

ne = 1016 m- 3
, [CF3 ] = 2 1019 m-3 and T{

1 = 20 s- 1
• an estimate for the 

F-density can be calculated. In the calculation the value Td_
1 = 110 s- 1 

as obtained in section 4.3 is used for the combined loss of reactions 

(36, 38) and (41). lhe resulting value for the atomic fluorine density 

is [F] - 1019 m- 3
• 

3.S. Ba.lance equation for F-

For a correct interpretation of the electron density measurements 

knowledge of negative ion densities is essential. Negative ions can 

influence the diffusion of positive ions and thus determine the density 

of positive ions in the plasma as well as the electron temperature. 

Furthermore negative ions can influence the sheath properties. lhrough 

associative recombination, negative ions can create a loss of positive 

ions and a production of e.g. CF3 (neutral) which may be of importance 

£or the respective balance equations. 

Production mechanisms 

For the production of F- three processes have been taken into 

account, 
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(31) CF4 + e 

(7) F2 + e 

(18) C2F6 + e 

-+ F- + CF3 

-+ F- + F 

-+ F- + R 

k31 

k7 

k1a 

- 2 10-17 3 -1 m s 

-6 10-16 m3s -1 

- 5 10-16 3 -1 m s 

The rate for dissociative attachment of CF4 has been calculated using 

the cross sections given by Stephan et al [18] (see figure 2, curve 6). 

The rate for reaction (18) has been discussed in section 3.3. Direct 

attachment: F + e -+ F-. has been neglected. 

Loss mechanisms 

The following loss processes for F- have been considered 

(40) F- + e -+ F + 2e k4o - 6 10-16 mas-1 

(35} F- + CF3 -+ CF4 + e k3s - 5 10-16 3 -1 m s 

(34} F- + CF3+ -+ CF a + F k34 ..., 4 10-13 3 -1 m s 

(23} F- + CF2+ -+ CF2 + F k23 ,,, 4 10-13 m:is-1 

(42} F- + M -+ F + E + M k42 ,,, 2 10-90 3 -1 ms 

The rate for reaction (42} is adopted from reference [19]. 

In this work only volume-loss processes for negative ions are 

considered. It is assumed that loss of negative ions by diffusion is 

negligible since in the cavity-geometry the plasma is completely 

surrounded by the electrodes. That is to say, the glow is completely 

bounded by either the cathode or the anode dark space with a sheath 

potential that tends to confine the negative ions. Also the loss of 

negative ions by flow is neglected since it is assumed that the space 

charge fields acting on charged particles by far outweigh the influence 

of gas flow. 

Balance equation 

Neglecting the contribution of reaction (42} the balance equation 

for F- reads 
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(3.26) 

If the value for the F2 density obtained earlier is used it is found 

that reaction (7} can be neglected with respect to reactions {18, 31). 

Further, at n = 1016m- 3 the contribution of reaction (40) can be 
e 

neglected with respect to reactions (23, 34, 35). lbe resulting 

(approximate) equation for the F- density then reads. 

(3.27) 

Using numerical values, [CF4 ] = 3 1021 m- 3
• n = 1016 m- 3 [C2 F6 ] 

e , 
7 1019 m-3

, [CF3 ] = 2 1019 m- 3 and [CF3 +] + [CF2 +] = 4.5 1016 m- 3 an 

estimate of [F-] ~ 3.5 1016 m- 3 is calculated. 

Equation (3.27) shows that recombination of negative ions with positive 

ions is the most important loss process. lbis sets an upper limit to the 

negative ion density; at a certain electron temperature {i.e. rate of 

production), an increase in the negative ion density woi:ild require a 

decrease of the positive ion density, which conflicts with 1 the condition 

of quasineutrality. 

3.9. Discussion 

lbe theoretical approach to find the densities of several species 

ln the discharge is relatively straight forward and leadl:I to order of 

magnitude estimates. lbe method of using a reduced balance equation has 

the advantage that the dominant production and loss mechanisms are 

directly found and that the influence of changes in e.g. ne' Te, flow 

easily can be estimated. It is found that gas flows of flow ~ 20 seem. 

used in a (small) single wafer reactor. result in an apprecialble loss 

of species due to flow. 

lbe estimate indicate that for gas phase loss processes due to 

reactions with neutrals only CF3 and F play a significant role. Very 

complicated reaction schemes involving C. F. CF, CF2 etc. are not 

necessary to obtain an order of magnitude of particle densities at T ~ 

300 K. 
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The balance equations indicate that for CF3 and F dissociation of 

CF4 is the main production process, thus it will be clear that the CF3 

and F densities (and hence e.g. the C2 F6 density) strongly depend on the 

electron temperature. Since the microwave measurements and optical 

emission spectroscopy indicate that the electron temperature varies 

appreciably with the RF-power level and the gas pressure. accurate 

calculations of particle densities will only be possible if this 

temperature effect is taken into account. 

It is found that for CF3 and F heterogeneous reactions are an 

important loss mechanism (using reaction rates indicated by reference 

[1]). In the case of F it is found that the estimates used in the 

balance equation for these loss processes are probably an underestimate. 

When compared to the non-flow related loss as determined in section 4.3, 

a difference of about a factor 6 is found. 

The relatively high C2 F6 density obtained indicates that an 

appreciable amount of CF3 may be stored or lost in C2 F6 • Further C2 F6 

can be of influence to the electron density because of its high 

attachment cross section. 

The estimate for the F- density is about 3-4 times the electron 

density. Since the rate constants for attachment are only a weak 

function of the electron temperature (T > 2 eV), negative ion densities 
e 

of 100-1000 n (reported in literature} are unrealistic if the estimates 
e 

for the rate constants k34 , k23 are used. The density of CF3 - is 

estimated to be 5-10% of the F- density. 
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4 OPfICAL EMISSIOO SPEC.rR.<BDPY 

4.1. Introduction 

Optical emission spectroscopy is a very versatile diagnostic for 

etch plasmas. It can be used to find the spatial distribution of the 

plasma (or of specific species) in the reactor. Here. axial and radial 

scans of the optical emission of the plasma have been made to evaluate 

the sheath thickness and to aid the calculations of the electron density 

from the microwave measurements. Optical emission spectroscopy can also 

be used to investigate the densities (or relative changes therein) of 

radicals in the discharge. This application is most widespread since 

knowledge of the radical density is necessary to understand the reaction 

mechanisms in the RF discharge and in the actual etching process. 

Compared to other methods to investigate the radical densities, 

downstream titration [1.2] and laser induced fluorescence (LIF) [3], 

optical emission spectroscopy can be applied very conveniently. A 

drawback of emission spectroscopy is however that only the densities of 

radiating levels of a certain species can be obtained directly. whereas 

the other methods directly lead to ground state densities. Therefore, to 

relate the emission intensity to the ground state density of a certain 

species, the excitation and deexci tat ion mechanisms of the radiating 

levels involved have to be known. If direct excitation of the ground 

state by electron impact is the dominant excitation process and if 

radiation is the dominant deexcitation process, the emission intensity 

can be related to the ground state density according to 

(4.1) 

Here Ii is the emission intensity of a line of the species i, ni is the 

density of this species, n is the electron density and k is the e ex 
excitation rate for the corresponding energy level. Since both the 

excitation rate and the electron density may vary for different 

discharge conditions. their product by no means can be regarded as to 

remain constant. Especially the excitation rate is very sensitive to 

changes in the electron temperature. It will be clear that the emission 

intensity can not be taken as a direct measure of the ground state 

density of a certain species. as is also concluded by e.g. ref [4]. 
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To overcome this problem of relating the emission intensity to a 

ground state density a method, first used by J.W. Coburn and Chen [4,5] 

and R. d'Agostino et al [6,7] is used. In this method a well-known 

amount of a tracer gas (e.g. argon) is admitted to the gas used for 

etching (e.g. CF4 ), and the intensity of an emission line of the tracer 

gas {with a known ground state density) is also measured. 

Taking the ratio of the intensity of an emission line of a species with 

an unknown ground state density (e.g. fluorine) and the intensity of an 

emission line of the tracer gas {also called actinometer), leads to 

IF k {F) [F] ex (4.2) IA = k (Ar) [Ar] 
r ex 

It is seen that in this way the influence of the electron density is 

eliminated. Further, if the excitation rates of fluorine and argon have. 

roughly the same dependence on the electron temperature. their ratio 

will only be a weak function of the electron temperature. Because 

numerical values of the fluorine excitation rate are not available, only 

relative fluorine densities can be obtained. 

If an absolute calibration of the emission intensity is made, the 

density of an excited state of a certain species can be determined. 

Since, in this work, also accurate measurements of the electron density 

are available it is possible to determine the excitation rates. For 

argon, data on the excitation rate as a function of the electron 

temperature are available, so, in this case also an indication of the 

electron temperature can be obtained. If an estimate is made for the 

excitation rate for fluorine, the absolute calibration of the emission 

intensity, combined with equation 4.1, allows for a deter~ination of the 

fluorine ground state density. 

4.2. Spatial emission profiles. 

The main reason for investigating the spatial distribution of the 

emission is to aid the calculation of the electron density from the 

measured shift in the reasonance frequency {chapter 2). Here it is 

assumed that, if excitation of the ground state is the dominant 

population mechanism of the radiative state and radiative decay is the 
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main depopulation process, the spatial distribution of the emission is a 

good measure for the spatial distribution of the electrons. In the 

section on actinometry {4.3} several other excitation and deexcitation 

mechanisms are investigated and it is found that these contributions 

will be negligible for the emission line used in these investigations 

{fluorine 703.7 nm). Since the excited state of this emission line has a 

short lifetime (2.2 10-9 s} also smearing out of the profiles due to the 

random motion of the emitting particles can be neglected (Ax ~ 10 µm for 

thermal velocities). 

4.2.1. Experiment 

The emission intensities have been measured with the optical set up 

shown in figure 4.1. A translation table is used to measure the axial 

emission profiles. Scanning the lens (and diaphragm) as well as the 

monochromator prevents changes in angular direction. 

RF GND 

Fig. 4.1. Schema.tic representation of the optical set up for the axial 

scans of the plasma emission. 

IT translation table 

Pl photomultiplier 

I monochromator 

L quartz lens 

D diaphragm 
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Using two (removable) pin-holes in the cavity, the optics can be aligned 

perpendicular to the axis of the cavity which allows for the highest 

spatial resolution. By means of the diaphragm a spatial resolution of 

"' 0.2 mm is obtained. A quartz lens (f = 60 cm) is used to obtain an 

image (1 : 1) of the plasma on the entrance slit of the monochromator. 

The monochromator used is a Jobin Yvon MRS 2 (f = 60 cm, grating 1200 

I/mm, slit width wi = w
0 

= 100 i.un). The photomultiplier is from ENI 

(9698 B). A precision linear Potentiometer is used to obtain a signal 

related to the table position. 

cavity IGNDI 

fiber 
quartz 
mesh 

RF 

double 
pinhole 

Fig. 4.2. Optical set up for the radial scans of the plnSllltl emission. 

The light ts sampled through n 5 mm wide slot (covered by a 

mesh and n quartz strtp) ustng n movable ftber. The cone of 

light, as determined by the double ptnhole is dra.un to scale. 

To obtain the radial emission profiles a 5 nun wide slot has been made in 

the top of the cavity (see figure 4.2). A double pinhole is used to 

limit the input aperture (drawn to scale) of the optical fiber; this 

assembly is moved in radial direction. The quartz plate proved to be 

necessary to confine the plasma to the cavity. 

4.2.2. Results 

In figure 4.3 the axial emission profiles for a CF4 plasma 

(AC-coupled, p = 13 Pa, flow = 20 seem) are shown using the RF-power 

level as a parameter. Figure 4.2 clearly indicates that the axial 

profile does not change (regarding the shape) as a function of the 
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Fig. 4.3. Axial emission profiles of a CF4 discharge at p = 13 Pa. The 

RF-power level is used as parameter, the plasma is AC-coupled 

(i.e. with self bias). The RF-electrode is at z = O. the 

grounded electrode is at z = 20 mm 

RF-power. Similar RF-power series at different pressures indicate the 

same result. 

The axial emission profiles for two different pressures are been 

shown in figure 4.4, for both pressures the profiles have been obtained 

for an AC-coupled (with self bias) and a DC-coupled (no self bias) 

plasma, (CF4 , PRF = 20 W. flow= 20 seem). 

Figure 4.4 shows that there is a distinct difference between the AC- and 

DC-coupled plasma. The sheath thickness in front of the (larger) 

grounded electrode (z = 20 nun) increases in the DC-coupled situation 

whereas for both pressures the sheath thickness in front of the 

(smaller) RF-powered electrode is independent of the mode of coupling. 

It is noted that the sheath in front of the RF-electrode does not change 

when the bias voltage is changed. Figure 4.4 further indicates that for 

higher pressures an asymmetry developes in the central luminous part of 
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the plasma.. Also the thickness of the sheath in front of the 

RF-electrode decreases with increasing pressure and that the sheath in 

front of the grounded electrode remains unaltered (for both AC- and 

DC-coup! ing). 

0 10 
axial position, z !mmJ 

1 40Pa AC 
2 40Pa DC 
3 7Pa AC 
4 7Pa DC 

20 

Fig. 4.4. Axial emission profiles of a CF4 discharge at PRF = 20 W. The 

gas pressure is used as parameter. For both pressures 

indicated the profile is sholm for an AC- and a OC-coupled 

piasma. The RF-electrode is at z = 0, the grounded electrode 

is at z = 20 mm. 

For comparison, the axial emission profiles have also been measured 

for an argon plasma.. Again was found that the shape of the plasma does 

not depend on the RF-power. As a function of pressure the same behaviour 

was found as in CF4 , the results are shown in figure 4.5 (AC-coupled, 

PRF = 2.5 W). Figure 4.5 indicates that for higher pressures an 

increasing asymmetry is found in the profiles (much more pronounced than 

for CF4 ). The strong asymmetry of the plasma and the pressure dependence 

of the thickness of the sheath in front of the RF-electrode suggest that 

there exists an extra input of excitation by secondary electrons 

produced by the ion bombardment of the RF-electrode. 
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Fig. 4.5. Axial emission profiles of an argon discharge at PRF = 2.5 W. 

The gas pressure is used as parameter. the plasma is 

AC-coupled. The RF-electrode is at z = 0, the grounded 

electrode is at z = 20 mm. 

Axial profiles have also been measured in a mixture of CF4 and 

argon. {flow CF4 = 20 seem, flow Ar = 2 seem). The emission profiles are 

the same as for a CF4 plasma, also no difference was found between a 

profile obtained using the 703.7 nm emission of fluorine and the 703.0 

nm emission of argon. The latter result indicates that fluorine is 

homogeneously distributed in the reactor volume. 

The radial profiles have been measured as a function of the 

RF-power and the gas pressure. Similar to the axial profiles, for all 

pressures. no change in the profile was found when the RF-power was 

varied. As indicated in figure 4.6. the plasma is homogeneous in the 

radial direction for lower pressures. With increasing pressure an 

inhomogeneity developes at r 6.25 cm (the radius of the RF-electrode). 
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Ftg. 4.6. Rad.tat emission proftles of a CF4 discharge at PRF = 20 W. 

The gas pressure ts used as parameter, the plasma ts 

AC-coupled. The radius of the RF-electrode ts 6.25 cm, the 

radius of the cavtty ts 8.75 cm. 

4.3. Actinometry 

To determine particle densities (e.g. radicals) in a plasma several 

methods can be used. If optical diagnostics are used, measurements can 

be made in situ and real time, further a high spatial resolution can be 

obtained. Optical diagnostics are for ·instance laser induced 

fluorescence (LIF) [3] and absorption spectroscopy [SJ; both methods 

require a beam of probe-light and are more or less complex. 

Actinometry is an optical diagnostic that uses the optical emission of 

the plasma itself. A small. well-known amount of a tracer gas. called 

actinometer (usually argon) is added to the process-gas (e.g. CF4 ) and 

the intensities of an emission line of the actinometer and of the 

species to be investigated (usually fluorine) are measured. 

If the ratio of these intensities is taken, the density of the 

species investigated can be inferred from equation 4.2 (see 

-74-



introduction). Several authors have investigated the validity of 

actinometry in a CF4 -Ar plasma, e.g. by using a downstream titration 

method [1]. 

Equation 4.2 is based on the assumptions that direct excitation of the 

radiating level is the dominant population mechanism and that radiative 

decay is the dominant depopulation mechanism. 

Because in a recent paper by S.E. Savas [9] and some conference 

contributions {e.g. Chapman, SFV Conf. Paris 1985) doubt is raised on 

the validity of these assumptions, several other population and 

depopulation processes will be discussed here. 

4.3.1. Excitation reactions 

Besides direct excitation of the ground state by electron impact 

several other excitation processes occur in a plasma. In a paper by G.K. 

Vinogradov et al [10] various excitation mechanisms, also with respect 

to a CF4 /Ar discharge. are discussed. The excitation reactions 

considered are. 

(1) A+ e ... At + e 

(2) A+ B1 ... A' + B 

(3) AB + e ... A1 + B + e 

(4) AM + e ... A1 + e 

(5) A + BM ... Ai +B 

Here A and B denote arbitrary particles, A being the particle of which 

the emission is observed (e.g. F, Ar). The index i denotes an excited 

radiating level and M denotes a metastable state. In reaction (2) the 

heavy collision partner B may also be a species of type A. 

The rate for reaction (1) strongly depends on the electron temperature, 

estimates for this rate for fluorine and, argon are shown in figure 4.7. 

The rate for reaction (2) is based on estimated cross-sections of 

1-2.10-19 m2 and thermal velocities of the reaction partners. 

The possibility of production of fluorine in an excited state 

through dissociation of cr ... (i.e. reaction (3)) has been investigated by 

R.A. Gottscho and V.N. Donnelly (11]. If a radiating state of fluorine 
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would be produced in a dissociation reaction, any excess energy in this 

process would lead to translational energy for the reaction products. In 

that case the line profile of the emission line should show Doppler 

broadening. The results of Gottscho and Donnelly however indicate only 

thermal velocities for the emitting fluorine atoms and it is concluded 

that a contribution to the emission due to reaction (3) is not of 

importance. 

In both reactions (4) and (5) metastable particles are involved. 

Therefore. to find the contribution of these reactions to the excitation 

of a radiating level, an estimate of the metastable particle densities 

has to be ma.de. 

Because for almost all species in a CF 4 /Ar plasma data on rate 

constants for processes ~in which long-lived excited states are involved 

are lacking, only an order of magnitude estimate for their densities can 

be obtained. Only for argon a more or less complete set of rate 

constants is available and also since anomalies are reported for the 

argon emission spectrum (9], a discussion on argon metastable densities 

will be given first. 

For the population processes leading to a metastable state of argon. 

direct excitation of the ground state by electron impact and cascade 

radiation from the 4p-levels, have been considered, e.g. for the 

4s3 P2-state 

(7) Ar 1 (4p} 

The rate constant for reaction (6) is shown in figure 4. 7. the value 

indicated is at T = 3 eV (see ref. [12] and references cited therein). 
e 

If radiative decay of the excited argon is the dominant loss process for 

the 4p-levels and direct excitation of the ground state is the main 

population process, reaction (7) can be replaced by the chain of 

reactions, 
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2 

electron temperature (eVl 

Ftg. 4.7. Rate constants for several excitation processes involving 

electrons as a function of the electron temperature. 

1. k10 (Ar) 4s3 P2 -+ 4p 

2. kg (Ar) 4s3 P2 -+ 4saP1 

3. kt (Ar) 3p -+ 4p 

4. k1 (Ar) 3p -+ 4p2 P1 [18] 

5. ks (Ar) 3p -+ 4s3 P2 

6. k1 (F. estimate). (Ar, kt/l2) 
7. (Ar) 3p -+ 4s3 P0 
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For reaction (8) a rate constant of k8 ~ 2 10- 16 m3s- 1 is used at 

T = 3 eV; this estimate is based on a weighed fraction of the total e 
4p-excitation rate indicated in figure 4.7. 

Loss processes for the metastable state are coupling to other 

4s-states and 4p-states by collisions with electrons and deexcitation by 

collisions with neutrals (e.g. CF4 ), 

(9) ArM(4s3P2) + e -+ Ar 1 
( 4s3P i) + e kg ~2 10-13 3 -1 m s 

(10) ArM(4s3P2) + e -+ Ar 1 (4p) + e k1o ~6 10-13 3 -1 ms 

(11) ArM(4s3P2) + CF4 -+ Ar + CF4 ku ~4 10-17 3 -1 ms 

The rates for reaction (9) and (10) are given by C.M. Ferreira and J.L. 

Delcroix [12] and are shown in figure 4. 7. The values indicated are 

again at Te = 3 eV. In fact, in the rate indicated for reaction (10) a 

minor contribution of excitations to higher levels, including 

ionization, is added. According to ref. [12] the rate constant for 

reaction (10) has to be reduced (a factor 2 is estimated) if radiative 

and collisional deexcitation of the 4p-levels, leading again to 

population of the 4s-levels, is taken into account. The rate constant 

for reaction (11) is given by L.G. Piper et al. [13]. 

From a simple balance equation (neglecting diffusion) the metastable 

ArM(4s3P2) density can be derived, 

(3) 

Using numerical values at a pressure of about 13 Pa, [CF4 ] = 3 1021 m-3 

[Ar] = 3 1020 m-3 (an argon admixture of 10 percent) and n = 1016 m- 3 
e 

the metastable density is calculated to be [ArM] ~ 7.1016 m-3 

The density of the other metastable state ArM(4s3P0 ) is expected to 

be about 15 percent of the ArM(4s3P2) density. For the ArM(4s3P0 ) state 

the rates for reaction (6) and (8) are respectively k6 ~ 3 10- 17 m3s- 1 

and ke ~ 2.5 10- 17 m3s- 1 . For the loss reactions of the ArM(4s3Po) the 

same rates have been used as for ArM(4s3P2). 
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To find the densities of long-lived excited states of other species 

a similar approach is used. Again, direct excitation of the ground state 

and cascade radiation have been considered as the population mechanisms. 

For CF3 two more mechanisms may apply, 

{12) CF3 + + F- 'CF3 M + F 

(13) CF4 + e ' CF3 M + F + e 

Since no rate constants are available for CF4 and CF3 , assumptions have 

to be made. For the population reactions the same rates are used as in 

the equivalent reactions (6) and (S) for argon. The rate constants for 

the additional reactions (12) and (13) have been taken to be 10 percent 

of the total recombination and ionization rates respectively (see 

chapter 3). 

Also for the loss processes of long-lived CF4 , CF3 and F excited states 

the same reactions and estimates for the rate constants as for argon 

(reactions (9) - (11)) have been used. 

Using numerical values at a pressure of about 13 Pa, [CF4 ] = 3 1021 m- 3 

n = 1016 m- 3
, [CF3 ] = 2 1019 m-3

, [F] = 1019 m-3
, [CF3 +] = 2 1016 m- 3 

e 
[F-] = 4 1016 m-3 (see chapter 3) and taking CF4 to be the collision 

partner for the quenching of the metastables, their densities can be 

calculated. The estimates for the long-lived excited state densities 

obtained are, for CF4 ~ 2 1016 m- 3
• for CF3 ~ 1014 m- 3 

After the discussion on metastable densities the contributions to 

the excitation of a radiating level of the reactions (1) - (5) can be 

compared. 

In the case of fluorine, using again [F] = 1019 m-3 and 

ne 1016 m- 3 the rate of excitation due to reaction (1) is calculated, 

a[FM]I ~ 1 5 101e -3 -1 at 1 • m s . (4) 

The density of excited radiating particles will be much lpwer than 

metastable densities; values of [F 1
] ~ 1012 m- 3 are expected (see also 

section 4.4, absolute calibration). The contribution of reaction (2) 

wi 11 then be, 
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B[Fi]I - 4 1014 -3 -1 at 2 m s (5) 

and can be neglected with respect to reaction (1). 

The contribution of reaction (3) can be neglected as discussed earlier. 

The contributions of reaction (5) is neglected because of energy 

considerations. The energy level of the fluorine level used in the 

experiments (E = 14.S eV) is well above the energy level of ArM(E = 11.5 

eV) and of CF4 M(E - 13.5 eV, [14]). 

From these estimates it is concluded that for fluorine indeed 

direct excitation of the ground state will be the dominant population 

process for the radiating state used in the experiments. 

Also for argon the contributions of different population mechanisms 

can be compared. In a CF4 /Ar mixture of 13 Pa with [Ar] 3 1020 m- 3 and 

ne = 1016 m- 3 the contribution of direct excitation is 

(6) 

A contribution due to reaction (2) has been neglected, again because the 

density of high lying excited radiative states is expected to be low 

([Ar 1
] - 1012 m-3

). Reaction (3) does not apply for argon. 

Using the estimate for the argon metastable density. population of the 

4p-state by excitation of the metastable 4s-levels is calculated to be 

(7) 

Here again the assumption has been made that the rate for excitation of 

. a specific 4p-level (e.g. 4p 3 P1 ) is about 10 percent of the excitation 

rate of the total 4p-block (see reaction (10)). In the paper by Ferreira 

and Delcroix [12] it is noted that collisional transitions between 

levels related by optically allowed transitions will have the highest 

rate constants. This implies that for the 4d and 6s levels, that have 

also been experimentally investigated, the rate of population by 

excitation of the metastable level is expected to be much lower than the 

rate indicated for reaction (10). 
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The energy levels for the T1 and T2 excited states of CF4 

{calculated values in ref. [14]) indicate that for the metastable T1 
state, excitation transfer to the argon 4p-level is possible. If indeed 

a considerable density of CF4 -metastables exists (see previous 

estimate}, reaction (4} may lead to an extensive population of the argon 

4p-levels, however not to a population of the higher lying 4d and 

6s-levels. 

4.3.2. Deexcitation reactions 

Besides radiative decay several collisional deexcitation processes 

are possible. For most emission lines accurate transition probabilities 

are available, but for the collision processes the rate constants again 

have to be estimated. Deexcitation reactions considered are 

(14) A1 

{15) A1 

(16) A1 

Here A1 

denotes 

partner 

-+ AJ 

+ e -+ AJ + e 

+B -+ AJ +B 

denotes a species in the 

an other excited state. 

B may also be a species 

excited state that is investigated, Aj 

In reaction {16) the heavy collision 

of type A. It will be clear that for 

emission lines with a high transition probability the influence of 

collisional deexcitation will be at minimum. For instance for the 

703. 7 nm fluorine emission the relative contributions of reactions 

= 1016 m-3} {14) - {16) are, ([CF4 ] = 3 1021 

1 ~1 = k14 - 3.8 107 s- 1 (4.8) 
[F1] at 14 

1 filt.11 = k15ne -B.1103 s-1 (4.9) 
[Fi] at 15 

filt.11 - 1.2 105 s- 1 (4.10) = k16(CF4] 
[F1] at 16 
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Comparison of equations (4.8) - (4.10) indicates that, even if CF4 is 

chosen for the heavy collision partner in reaction (16) the 

contribution of reaction (16) is less than one percent. It is therefore 

concluded that for the 703.7 nm fluorine emission indeed radiative decay 

is the main deexcitation process. 

Similarly the relative contributions of the deexcitation reactions (14) 

- (16) of several argon levels can be calculated. In the experiments the 

following emission lines have been used, 687.1 run {k14 = 2.9 106 s- 1
), 

703.0 run {k14 = 2.8 106 s- 1
) and 750.4 run (k14 = 4.7 107 s- 1

). 

Evidently the 750.4 run line is least sensitive to collisional 

deexci tat ion; using the rate constants indicated, a contribution of 

reaction {16) of 2.5 10-3 of the radiative decay is found. For the 

687.1 nm and 703.nm emission lines this fraction is about 4 10- 2 From 

these estimates it is concluded that indeed radiative decay is the 

dominant depopulation process for the radiating argon levels 

investigated. In case of the 687 .1 nm and 703.0 nm emission lines a 

small correction for collisional deexcitation may be used. 

Using equation (4.1) for the fluorine emission 

(4.11) 

and the following equation for the argon emission intensity, 

( 4.12) 

the actinometric equation can be found. Taking the ratio of equation 

(4.11) and (4.12) leads to 

IF k {F)[F] [ ku;(Ar)[CF4 ]] __ _ ex 1 + ,,...-....,..,.....,,..---
IA - k (Ar)[Ar] k14{Ar) 

r ex 
{4.13) 

If the correction for collisional deexcitation can be neglected, 

equation (4.2) is obtained. 
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If, for different discharge conditions the ratio k {F)/k {Ar) is ex ex 
considered to remain constant, the relative changes of the fluorine 

density can be found by taking the ratio of the measured fluorine and 

argon emission intensities {the argon density is known by the percentage 

of argon admixture). 

Since it is not a priori clear that this ratio can be approximated 

as to remain constant, some comment will be given. The rate constants 

for excitation are determined by the cross section for the specific 

excitation and the electron energy distribution function 

k ~ fa (E) ~ f(E)dE 
ex J' ex (4.14) 

If, for different discharge conditions, the electron energy distribution 

function f{E) changes, a different excitation cross-section a(E) for 

argon and fluorine can lead to a non-constant ratio k {F)/k (Ar). ex ex 
The first consideration is that excitations both for argon and 

fluorine are subject to the same part of the electron distribution, i.e. 

that the excitations have the same threshold energy. For the 703.7 nm 

fluorine emission line the upper energy level is at E = 14.79 eV, the 

corresponding energies for the argon lines are, A= 687.1 nm: 

E = 14.75 eV. A = 703.0 nm: E = 14.88 and A = 750.4 nm: E = 13.52 eV. 

So, the energy levels of the 703.7 nm {fluorine) and 687.1 nm, 703.0 nm 

(argon) emission lines are very well matched. The difference with the 

750.4 nm line being about 1.3 eV. 

The second consideration is that the cross sections should have 

preferably the same shape as a function of energy. The influence of the 

shape of the cross sections has been investigated by M.J. Tiller et al 

[15]. They conclude that there is no significant influence of the shape 

of the cross section but only of the threshold energy. Their 

computations have been made with the assumption of a Maxwell energy 

distribution function, due to the insensitivity of the results for the 

shape of f(E) it is concluded [15], that the results should also hold 

for non-Maxwellian energy distribution functions. 
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4.3.3. Results 

In this work the investigations using actinometry concentrate on 

the fluorine density. To facilitate a comparison with the microwave 

diagnostics (chapter 2) a standard condition has been chosen in the 

large parameter space, i.e. PRF = 20 W. p = 13 Pa, flow(CF 4 } = 20 seem 

and flow(Ar} = 2 seem. In the investigations of the influence of 

RF-power, gas pressure or flow on the fluorine density, the 

corresponding parameter is varied, the others remain at the values 

indicated above. 

The emission intensities have been measured with the same optical 

set-up as shown in figure 4.1. Most experiments have been performed 

using the 703.0 nm (argon) and 703. 7 nm (fluorine) emission lines 

because in this case only a very limited wavelength scan is necessary. 

Several authors predominantly use the 705.4 nm argon line; in a paper by 

Savas [9] also the use of the 712.6 nm, 641.6 nm and 786.1 nm argon 

lines is reported. To check whether the results depend on the argon 

emission line used and if anomalous behaviour of the argon emission, as 

reported by Savas [9], exists in our system, also the 705.4 nm and 687.1 

nm lines were measured (the 641.6 nm line has the same upper level as 

the 703.0 nm line and is therefore not measured}. 

RF-power 

The influence of the RF-power on the emission intensities is shown 

in figure 4.8. The emission intensities indicated are represented by the 

measured photomultiplier current and are not corrected for the spectral 

response of the multiplier and optical system. 

Figure 4.8 shows that all argon emission lines vary approximately 

with the square root of the RF-power and no anomalous behaviour of the 

705.4 nm line is found. Using a simple power function fit (I ~ a PRFb) 

for the 705.4 nm and the 687 .1 nm lines, an exponent b = 0.47 and for 

the 703.0 nm line b = 0.49 is found. The fluorine emission appears to 

vary linear with the RF-power (a fit indicates b = 1.34). 

It is noted that both the 705.4 nm argon and the 703.7 nm fluorine 

emission show, qualitative, the same behaviour on RF-power as reported 

by Coburn and Chen [5] and Savas [9]. If it is assumed that electron 

impact is the dominant excitation process and radiative decay is the 
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Fig. 4.8. Emission tntenstttes of fluorine (IF} and argon (!Ar} of a 

CF4 /Ar plasma as a function of the RF-power at a pressure of 

p = 13 Pa. The CF4 flow ts 20 seem, the argon flow is 2 seem 

and the plasma ts AC-coupled. 

dominant deexcitation process, i.e. equation (4.1} holds for both the 

argon and fluorine emission, the dependence of the excitation rate 

constant kex{Ar) on the RF-power can be evaluated. The electron density 

necessary for this evaluation has been measured and is shown in 

figure 4.9. 

In the case of argon the density of the ground state is known 

([Ar] = 3 1020 m- 3
} and independent of the RF-power. Since the electron 

density varies linear with the RF-power it then follows that the 

excitation rate for argon varies approximately as kex(Ar} ~ PRF-o.s {The 

exponent is - 0.51 for 705.4 nm and 687 .1 nm and is -0.53 for 703.0 nm). 

If actinometry is valid, equation (4.2} holds. and the fluorine 

density is proportional to the ratio of the fluorine and argon emission 

intensities. This ratio is shown in figure 4.9 for all three argon 

lines. Of course all three lines show the same dependence on the 

RF-power. Using again a power function fit, an exponent of b = 0.85 is 

found for the RF-power dependence of the fluorine density [F] (as 

represented by the intensity ratios). 
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Fig. 4.9. Ratios of the em.ission intensities of fluorine (703.7 nm) and 

argon lines, mich. are a measure of the fluorine density, as 

a function of the RF-power. Also shoun is . the electron 

density, the discharge conditions are given in fig. 4.8. 

In chapter 3 an equation is derived for the fluorine density 

[F] 
kdisne[CF4] 

Td~ + Tf1 
(4.15) 

If it is assumed that Td~ is independent of the electron density or 

temperature (i.e. a constant sticking coefficient) the dependence of the 

dissociation rate constant (kdis) on the RF-power can be evaluated 

([CF4], Td~ and Tf 1 are constant). If the dissociation rate is also 

expressed as a power function, for the exponent a value of b = :..0.15 

results. Combined with the result for the elastic scattering rate 

constant. 

indicate 

RF-power. 

~ PRF-0
·
21

, obtained in chapter 2. 

the electron temperature decreases 
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Gas pressure 

The emission intensities have also been measured as a function of 

the gas pressure. The results, only the 703.0 nm argon and the 703.7 nm 

fluorine line have been measured, are shown in figure 4.10. 
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Ftg. 4.10. Emission intensities of fluorine (IF) and argon (IAr) of. a 

CF4 /Ar plasma as a function of the gas pressure at PRF = 20 

W. Also shoun is the ratio of the fluorine and argon 

intensity {flow CF4 = 20 seem, flow (ar) 2 seem, 

AC-coupled. 

Figure 4.10 shows that both the fluorine and the argon emission 

intensities have a maximum, IF at a pressure of p ~ 20 Pa and !Ar at p ~ 

26 Pa. The emission intensities shown are measured along a line of 

sight. For pressures higher than p ~ 10 Pa, the discharge tends to be 

inhomogeneous in the radial direction (see section 4.2). 
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To relate the measured emission intensities to the electron density 

(in chapter 2 given at r = 0) therefore a mean electron density along 

the line of sight has to be calculated. Alternatively the line of sight 

intensities can be related to an intensity at r = 0 using an Abel 

transform. The former approach has been used, the calculated mean 

electron density is shown in figure 4.11. 
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Fig. 4.11. Fluorine density [F] in a CF4/Ar plasma as a function of the 

gas pressure at PRF = 20 W. Also shov:n ts the electron 

density, the discharge conditions are given in figure 4.10. 

The mean electron density has a maximwn at p"' 10 Pa. Sincei the emission 

intensities have a maximum at higher pressures it is concluded that the 

excitation rate constants also vary with the gas pressure (again 

assuming equation (4.1) to be valid). 

Also shown in figure 4.10 is the emission intensity ratio If"IAr 

which is a measure for the fluorine density per unit pressure. The 

fluorine density calculated from this intensity ratio is shown in figure 

4.11. indicating a monotonous increase with pressure. The distinctly 

different behaviour of n and [F]. combined with equation ( 4.15), e 
indicates that also the dissociation rate constant kdiss depends on the 

gas pressure. 
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If equation (4.1) is assumed to be valid for the argon emission 

intensity, then, using the measured intensity and electron density, the 

rate constant for. the excitation of the argon 6s level can be 

calculated, and is shown in figure 4.12. 

Fig. 4.12. 

::i 
tU 

0 20 40 
pressure (Pal 

o kex (Arl 
• km 

60 

Excitation constant for argon (703.0 run) k , and the rate ex 
constant for electron momentum transfer (see chapter 2) as a 

fWlCtion of the gas pressure at PRF = 20 YI. Tite discharge 

conditions are gluen in figure 4.10. 

Also shown in figure 4.12 is the rate for the electron elastic 

scattering as determined by the microwave measurements (chapter l}. Both 

rate constant curves have a broad minimum around p ,,, 20 Pa indicating 

that the electron teroperature varies with the gas pressure accordingly. 

Gas flow 

The third parameter that has been varied is the gas flow. The 

measured fluorine (703.7 nm) and argon (703.0 nm) emission intensities 

have been shown in figure 4.13. The results have been obtained by 

increasing both the CF4 and Ar-flow, leaving their ratio constant 

(10 : 1). 
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p = 13 Pa. The ratf.o is CF4 -flom to Ar-fLOID f.s constant 

{10 : 1), the plasma is AC-coupled. 

Apparently the argon emission intensity is independent of the gas 

flow, whereas the fluorine intensity decreases monotonic with the flow. 

The ratio of the emission intensities is, according to actinometry, a 

measure for the fluorine density. Due to the constant argon emission 

intensity the fluorine density shows of course the same. dependence on 

the gas flow as the fluorine emission intensity. 

For a constant production of fluorine, an assumption based on the 

constant argon emission intensity (i.e. a constant production of excited 

argon), and a constant Td~· this behaviour of the fluorine density is 

predicted by equation (4.15). In turn, the measured fluorine density and 

equation (4.15) allow for a calculation of Td~' which can be used in the 

balance equation of chapter 3. 
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In a paper by Coburn and Chen [4] the fluorine density is 

investigated as a function of flow, also using actinometry. In that work 

also a more or less constant argon emission intensity and a monotonic 

decreasing fluorine emission is reported. It is to be noted that, due to 

the smaller geometry used in this work, the residence time will be much 

shorter at comparable flow. Coburn and Chen use a graphical method to 

determine the non-flow-related loss processes, in which the reciprocal 

of the fluorine density is plotted as a function of flow. For the 

results shown in figure 4.13 such a plot is shown in figure 4.14. 
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Fig. 4.14. Inverse of the fluorine emission intensity as a fwiction of 

the gas flow. The discharge conditions are given in figure 

4.13. 

Extrapolation of the straight line through the reciprocal emission 

intensities leads to a non-flow related fluorine loss equivalent to 100 

seem. Using the estimate on the residence time (chapter 3) this 

corresponds to Td~ ~ 110 s- 1
• 
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Admixture argon 

Finally, actinometry is used to investigate the influence of the 

admixture argon. In the experiments a .constant CF4 flow of 20 seem has 

been maintained. For argon admixtures of 2.5 - 50 percent of the 

CF4 -flow the emission intensities of fluorine (703.7 nm) and argon 

(703.0 nm), together with the calculated fluorine density are shown in 

figure 4. 15. 
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Fig. 4.15. The emission intensity of fluorine (Ip) and argon (IAr) as a 

function of the admixture argon. Also shown is the fluorine 

density, the discharge conditions are PRF = 20 W, p = 13 Pa, 

flow CF4 = 20 seem, the plasma is AC-coupled. 

It is to be noted that the density ratio [CF4 ]/[Ar] is not simply 

proportional to the ratio of the corresponding flows. Not only do the 

pumping speeds differ for CF4 and argon. also the pumping speed curves 

as a function of flow differ for both gases. Therefore these pump 

characteristics have to be used to calculate the actual argon density. 

Figure 4.15 indicates that the fluorine density is rather 

insensitive to the argon admixture (a decrease of - 5 percent at a 

decrease of [CF4 ] of - 30 percent). 
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4.4. Absolute emission intensity 

If the absolute emission intensity is known, it is possible to 

determine the density of excited states of argon and fluorine in the 

plasma. In the case of argon, a check can be made on the excitation 

mechanism since the argon ground state density as well as the electron 

density are known. Using the excitation rate for the argon 4p levels 

(figure 4.7) it is then also possible to obtain a value for the electron 

temperature (Te). However since the excitation rate shown in figure 4.7 

is based on a Maxwellian EED and the EED of an RF-plasma is expected to 

be different [19. 20], this value of T is 'only indicative for 
e 

excitation and ionization processes. 

Finally, if the estimate for the fluorine 3p2 P3 / 2 excitation rate 

indicated in figure 4.7 is used in combination with ne and Te (obtained 

from argon), an order of magnitude of the fluorine ground state density 

can be calculated. 

4.4.1. Results 

The absolute emission intensities have been obtained by calibrating 

the optical set-up shown in figure 4.1 against the emission of a 

tungsten ribbon lamp. Great care has been taken that the position of the 

vacuum window and the mesh (used to confine the plasma to the cavity) in 

the light path remains unchanged (the cavity has to be removed to 

accomodate for the tungsten lamp}. The width of the monochromator slits 

used, 100 µm, in all experiments which corresponds to a bandwith of 0.16 

nm. The line width of the emission lines measured is in all cases far 

less than 0.16 nm so that in fact the total line intensity, i.e. 

integrated over the wavelength, is measured. 

The density of an excited level can be related to the emission 

intensity by 

(4.16) 

Here k 14 (Ar} is the radiative decay rate, [Ar 1
] is the number density of 

the radiating state, iPM is the detector current and Ccal is the 

calibration factor obtained with the tungsten ribbon lamp. 
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Using the calibration factors and the measured photo-multiplier currents 

shown in figure 4.S. at a power level of 20 W the following densities 

for the excited states corresponding to the emission lines can be 

calculated. 

[Ar 1
] (750.4 nm) = 1.2 1012 m-3 

[Ar 1
] (703.0 nm) = 3.7 1011 m-3 

[Ar 1
] (687.1 nm) = 4.7 1011 m -3 

similarly for fluorine, 

(F 1
] (703.7 nm) = 6.1 1010 m- 3 

If, in a steady state, indeed radiative decay balances electron 

impact excitation, equation (4.1) and (4.16) can be combined to 

calculate the excitation rate constant. The resulting expression reads: 

k 14 (Ar)[Ar 1
] = k (Ar)n [Ar] ex e (4.17) 

At a standard condition (p = 13 Pa. flow(CF4 ) = 20 seem, flow(Ar) = 
2 seem. PRF = 20 

argon the ground 

calculated to be, 

W) the electron density is, n = 1016 m-3 . Since for e 
state density is known, the excitation rates can be 

k (750.4 nm) - 2.2 10- 17 m3 s- 1
• k (703.0 nm) - 4.3 ex ex 

10-
19 m3 s- 1• and k (687 .1 nm) "' 5.4 10- 19 m3 s- 1. The calculated ex 

excited state densities and the excitation rate constants do well agree 

with values expected for direct excitation of the ground state by 

electron impact. 

To derive an electron temperature from the calculated excitation 

rate of the argon 4p 2P1 level, the excitation rate has to be known as a 

function of Te. In figure 4.7 the total excitation rate for the 4p-block 

is shown as given by Ferreira and Delcroix [12]. It is therefore 

necessary to make an estimate of the fraction of the total rate that 

leads to population of the 4p 2 P1 level. Data given by Ballou [17] and 

Za.pesochnyi [IS] indicate that the cross section for excitation of the 
2P1 level is about S percent of the total cross section for 4p 
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excitation. If the same rough estimate is used for the fraction of the 

rate constant, curve 6 in figure 4.7 is obtained. Using the 

cross-section for the argon 4p 2 P1 level given by Zapesochnyi and a 

Maxwellian EED, curve 4 is obtained for the excitation rate. For the 

calculated rate constant, kex(750.4 nm) - 2.2 10-17 m3 s- 1
, at the 

standard conditions curve 4 results in T - 2.7 eV and curve 6 results e 
in T e "' 3.5 eV. As discussed by Ferreira and Delcroix [12] the 

cross-sections given by Zapesochnyi appear to be too high. therefore the 

value Te "' 3.5 eV is preferred. It is however to be noted that all these 

calculations apply to a Maxwellian EED. 

Despite the uncertainty in the obtained values for Te' it is clear 

that for the experimental conditions used in this work the electron 

temperature will be in the order of 2-5 eV, in contrast with several 

authors that assume much higher electron temperatures (e.g. [21]). 

The electron temperature obtained from the argon intensities, when 

used with the estimated excitation rate curve for fluorine (as shown in 

figure 4.7, also curve 6) leads to an excitation rate k (F) "'2.2 10- 17 

ex 
3 -1 ms . 

Using the excited state density obtained earlier: [F 1
] "' 6 1010 

m- 3 n = 1016 m- 3
, and equation (4.17) (now for fluorine), an estimate 

e 
for the ground state fluorine density can be calculated; a value of 

[F] "' 1019 m- 3 results. Due to the uncertainty in both the argon and 

fluorine excitation rates, it is felt that the fluorine density obtained 

in this way is accurate only up to a factor of five. The value for the 

fluorine density determined by this method compares very well with an 

estimate given by Coburn and Chen [4], [F] = 3-6 10-3 [CF4 ], and with a 

similar estimate by Gottscho and Donnelly [11]. 

4.5. Discussion 

The axial and radial emission profiles show an inhomogeneity tha.t 

increases with increasing pressure. This inhomogeneity is attributed to 

an extra imput of excitation by secondary electrons. Both axial and 

radial emission profiles are independent of the RF-power level. For 

comparison of different diagnostics a condition at p "' 13 Pa is chosen 

where the inhomogeneity in the radial direction can be neglected. 
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A rather lengtly discussion on excitation mechanisms indicates that 

an important contribution to the excitation due to reactions involving 

metastables is unlikely. For reactions in the argon system rate 

constants are availble and calculations indicate a negligible 

contribution of argon metastables. There may be a possibility that the 

argon 4p levels are excitated by interaction with a metastable state of 

CF4 , however this excitation transfer is excluded for the higher lying 

6S and 4d argon levels. 

The argon emission intensities, combined with the ne-measurements 

indicate that the electron temperature varies with the RF-power level 

and the gas pressure. The qualitative behaviour of these changes is also 

found by the microwave measurements. 

The fluorine densities as determined by actinometry indicate that 

nor the fluorine emission intensity, nor the argon emission intensity 

(as suggested by reference [5]) can be used as an indication for the 

fluorine density. 

The determination of the electron temperature and the fluorine 

ground state density using the absolute calibration of the emission 

intensity has been discussed in section 4.4.1. 
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5.1. Introduction 

Ion bombardment of the substrate plays an import~t role in the 

plasma etching process (see chapter 1). To investigate ~he ion current 

and the energies of ions incident on the electrodes a mass spectrometer 
I 

and an energy analyzer have been used. Investigating :he flux of ions 

towards the RF-electrode was not feasible because of the high (up to 1 

kV) electrode potentials, therefore only the ion bombardment of the 

grounded electrode has been measured. Similar investigations have been 

published by K"onler et al. [l] for an argon plasma. 

In a study of the ion energies by Thomson et al . [2] no mass 

selector is used and the ion energy distribution (averaged over all 

types of ions) is determined from measurements with retarding grids. 

Gottscho et al. [3] used time-resolved laser-induced fluorescence 

to investigate the ion dynamics in the plasma sheath's. This method has 

the advantage that also the ions in the sheath in front of the RF 

electrode can be studied. Their measurements were however limited to low 

frequencies {f < 0.1 MHz) and no information on the ion energy 

distribution is obtained. Generally, attempts to describe the ion 

energies theoretically use a model of the discharge in terms of 

capacitances with parallel diodes (sheaths) and resistor~ (plasma glow) 

[4,5]. Theoretical studies based on plasma parameters (ne' Te) have been 

published by Godyak [6] and Pointu [7]. 

5.2. Experiment 

Preliminary experiments were performed using a quadrupole 

spectrometer, (the plasma was sampled through a ~ 40 µm orifice in the 

grounded electrode) the mass spectra obtained indicated a strong 

broadening of the mass peaks for high RF-power levels. Since this poor 

mass resolution indicates that the ions pass the quadrupole with a high 

energy (i.e. a short transit time), the ion energy was determined by 

using a retarding field. A set of grids is placed before the quadrupole, 

while the (retarding) potential on one of the grids is increased the 

transmitted ion current is measured. Only ions having a kinetic energy 

greater than the potential energy available in the electric field will 

pass the grids. 
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Though it is simple to find the maximum ion energy in this way, the ion 

energy distribution is not directly available. The method is also 

discussed in reference [2] however without using a mass selector. 

To obtain ion energy spectra at a high resolution therefore another 

approach was used. After the ions are mass selected by the quadrupole, 

their energy is analyzed in a cylindrical energy analyzer, see 

figure 5. L 

H.V. // 
pump "-' 

quadrupole 

t-----+-lens 

Rf 

Fig. 5.1. Schematic representation of the experimental set up. 

Positive ions, sampled through a hole in the grounded 

electrode, are mass-selected by a quadrupole. Titetr energy 

spectrum ts determined with a cylindrical energy analyzer. 

-99-



A similar approach has been used by Coburn [10] where the mass and 

energy analyzers have been interchanged however. 

In principle there are two ways to scan the ion energy spectrum. 

The first is, to use a fixed potential for the quadrupole and energy 

analyzer field axis and to vary the voltage between the energy analyzer 

plates. This method however has the drawback that at high ion energies 

again the mass selectivity will detoriate. 

The second method uses a fixed voltage on the energy analyzer plates and 

now the field axis of the quadrupole and the energy analyzer are varied. 

This second method has the advantage that all ions that pass the energy 

analyzer have been submitted to the same mass selectivity in the 

quadrupole. Especially in an argon plasma where both Ar+ and ArH+ ions 

have been investigated a high mass resolution is desirable. Therefore, 

after checking that both methods lead to the same results for the ion 

energy distribution, only the second method has been used for all the 

investigations. The system has not yet been optimized for both energy 

resolution and transmission. The measurement presented are obtained for 

an optimized transmission. The energy resolution is about 5 eV (FWHM). 

The ions are finally detected by a channeltron. the maximum count rate 

is about 5 106 s- 1
• For higher ion currents saturation of the 

channeltron causes a distortion of the energy spectra. 

5.3. Results 

A complete set of measurements has been made for a CF4 and an argon 

plasma. For the CF4 plasma the ion energy spectra of c•. F+, CF+. CF2 + 

and CF3 + have been measured as a function of the gas pressure and the 

RF-power. For the argon plasma the energy spectra of Ar+, ArH•, Ar 2 •, 

Ar2
• have been measured. 

The results have led to theoretical investigations by Meijer and 

Vall inga on the maximum ion energy [S] and more specific on the 

characteristic broadening of, the ion energy peak in the AC-coupled 

plasma [9]. In this work, only a few spectra will be shown to illustrate 

the validity of the method. 

The results shown in figures 5.2 to 5.6 have been obtained using 

AC coupling of the plasma, the energy resolution is about 5 eV. 

resulting in a slight broadening of the spectra. If a high energy 

resolution is used, near vertical wings are found in accordance with 
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the theoretical predictions. In figure 5.2 the ion energy spectra are 

shown for the CF3 + ion. 

The pressure series has been measured at an RF-power level of 10 W 

(AC-coupled). The power series has been measured at a pressure of 13 Pa. 

Figure 5.2 shows that for an AC-coupled plasma the ion energy changes 

only very little as a function of the gas pressure, however the ion flux 

decreases sharply for an increase in the pressure. 

The maximum ion energy steadily increases with increasing RF-power. 

1: 20Pa 1: 5W 
2: 13Pa 2, 10W 
3: 11Pa 3: 20W 
4, 9Pa 4: 30W 
5, 7Pa S: SOW 

::i ::i 
"' .!!! s - -c: c: 
~ ~ ... ... 
:::> :::> 
'-' '-' 
c: c: 
.2 .2 

+ ...... +m 
u.. u.. 
u u 

0 20 100 120 0 20 40 60 80 100 120 
ion energy (eVl ion energy !eVJ 

Fig. 5.2 The energy distribution of CF3 + ions incident on th~ grounded 

electrode as a function of the gas pressure (left) and of the 

RF-power level(right). For the discharge conditions see text. 

In figure 5.3 a similar behaviour is shown for the CF2 + ion, again the 

ion energy changes only little as a function of the pressure. The 

pressure series has been measured at PRF = 20 W. The power series has 

been measured at p 13 Pa. Figure 5.3 clearly shows the characteristic 

double peaked broadening of the ion energy due to RF-modulation. 
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Fig. 5.3 The energy distribution of CF2+ tons incident on the grouruied 

electrode as a fultction of the gas pressure (left) and of the 

RF-power level(right). For the discharge conditions see text. 
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Fig. 5.4 The energy distribution of CF+ tons incident on the grouruied 

electrode as a function of the gas pressure (left) and of the 

RF-power level(right). For the discharge condtttons see text. 
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The CF+ ion energy spectra shown in figure 5.4 have been measured 

at the same conditions as for figure 5.3. Also CF+ shows the 

characteristic double peaks, there is however a strong asymmetry at the 

low energy side of the distribution. 

The ion energy spectra for CF+. CF2 + and CF3 + all show the same 

regular features indicating that the ions originate from the glow of the 

discharge, and do not appreciably suffer from collisions in the sheath. 

The ion energy spectra of F+ and c• however show a very broad spectrum 

containing many peaks. In figure 5.5 the ion energy spectra for F+ are 

shown, here the pressure series is obtained at PRF = 40 W. 
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Fig. 5.5 
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The energy distribution of F+ ions incident on the grounded 

electrode as a function of the gas pressure {left) and of the 

RF-power level{right). For the discharge conditions see text. 

The power series, measured at 13 Pa, indicates that the maximum energy 

increases with increasing power, just like CF+, CF2 + and CF3 +. The very 

broad energy distribution has several peaks about 16 eV apart, which may 

mean that the F+ ions loose energy in ionizing collisions or that the F+ 

ions are formed in the sheath. 
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Fig. 5.6 The energy distribution of c• ions incident on the grounded 

electrode as a function of the gas pressure (left) and of the 

RF-power leuel(right). For the discharge conditions see text. 

The energy spectra for c•. (the power series shown is mea~ured at 7 Pa, 

the pressure series is measured at PRF = 50 W) show a similar behaviour 

as r•. It is to be noted that ion currents differ appreciably: for c• 
and F+ the scale is 1000 counts/s per division, for CF+ 10.000 counts/s 

per division and for CF2 + and CF3 + the scale is 20.000 counts/s per 

division. 

The set of ion energy spectra was also measured for a DC-coupled 

plasma. Since the maximum field-axis potential of the quadrupole 

(Balzers QMH 511) was 150 V it was necessary to use the energy analyzer 

at higher energies in order to measure ion energies greater than 165 V. 

This also means that the ions pass the quadrupole at high velocities 

resulting in a poor selectivity. Since the set up could not be optimized 

for higher ion energies the resulting energy resolution is poor. 

Figure 5. 7 shows a power series (DC-coupled) at p = 7 Pa for the 

CF3 + ion. 

-104-



-c: 
~ ... 
::> 
u 

+ "" LL 
LJ 

ion energy {eVJ 

1: SW 
2: 7.SW 
3: 10W 
4: 12.SW 
5: 1SW 
6: 17.SW 
7: 20W 
8: 2SW 

310 

Ftg. 5.7. The energy distrtbutton of CF3 + ions incident on the grounded 

electrode as a function of the RF-power level. The plasma. ts 

JX:-coupled. For the discharge conditions see text. 

-f ... 
::> 
u 

-~ 
+,.... 
i.L 
LJ 

0 

1: 40Pa 
2: 33 Pa 
3: 27 Pa 
4: 23Pa 
S: 20Pa 
6: 17 Pa 
7: 13Pa 
8: 11 Pa 
9: 9 Pa 

160 200 

Fig. 5.8. The energy distribution of CF3 + tons incident on the grounded 

electrode as a function of the gas pressure. The plasma. is 

JX:-coupled. For the discharge conditions see text. 

-105-



The ion energies in the DC-coupled plasma are about a factor of 4 higher 

than in the AC-coupled plasma. Further, contrary to the AC measurements 

a minimum of the ion current is found at a power level of about 12,5 W. 

In figure 5.8 a pressure series (DC-coupled) at PRF = 5 Wis shown (CF3 + 

ion). Similar to the AC-coupled plasma a minimum is found in the ion 

current at a pressure of about 25 Pa, it is however less pronounced. 

Contrary to the AC measurements, figure 5.8 shows that in a DC-coupled 

plasma the ion energy strongly depends on the gas pressure. 

Discussion 

The method of determining the ion energy spectrum by scanning the 

field axis voltage of the quadrupole and the energy analyzer (at a fixed 

setting) works very well. The present set up allowed for an energy 

resolution less than 0.5 eV (however at the expense of a reduced 

transmission). To obtain high resolution energy spectra at high ion 

energies (Ei > 150 V) a quadrupole that can be used at higher floating 

potentials will be necessary. 
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6. mNUllSIONS 

The microwave cavity method allows for an accurate determination of 

the electron density in an RF-discharge. If optical emission profiles 

(in axial and radial direction) are used to evaluate the volume 

integrals relating the measured resonance frequency shift and the 

electron density, an accuracy of about 20 percent is estimated for the 

electron density. 

It is found that the electron density varies linearly with the 

RF-power level for both a CF4 and an argon plasma within the range of 

discharge parameters presented in this work (i.e. electrode separation 

2 cm, PRF = 5 10-2 
- 50 W. p = 5-70 Pa). 

This linear relation is independent of the mode of coupling the 

RF-power (i.e. AC: with self bias or OC: without self bias). 

Preliminary experiments indicate that the electron density increases 

more than linear with the RF-power level for increased electrode 

separations (3, 4 cm). 

A distinct maximum in the electron density is found for a CF4 plasma 

as a function of the gas pressure if the plasma is AC-coupled. A less 

pronounced maximum is found for a OC-coupled plasma. For an argon 

plasma no maximum in the electron density is found as a function of 

the gas pressure. 

The electron density increases linearly with the gas flow in a CF4 

plasma. A decreasing loss of electrons in attachment to C2 F6 (due to a 

decreasing C2 F6 density with increasing flow) is suggested as a 

possible mechanism. 

The electron density increases linearly with the admixture of argon to 

a CF4 discharge. 

Collision frequencies for momentum transfer of the electrons can be 

determined from the Q-value of the loaded cavity. 

Due to differences in the cross section data for momentum transfer as 

reported by different authors, the plasma conductivity and hence the 
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electron collision frequency can only be calculated with an accuracy 

of a factor of 3. Because of this and because the ratd constant for 

momentum transfer varies only little as a function of the electron 

temperature it is believed that electron temperatures cannot be 

accurately determined from these measurements. 

The measurements of the collision frequency however can be used to 

find trends in the rate of momentum transfer as a function of the 

RF-power level and the gas pressure. 

As a function of the RF-power level a gradual decrease of the rate for 

momentum transfer is found. As a function of the gas pressure the rate 

for momentum transfer {kem> decreases sharply for press~res up to 20 

Pa, shows a minimum at about p = 25 Pa and increases slowly for higher 

pressures. 

A distinct difference is found between an AC- and a DC-coupled plasma. 

The AC-coupled plasma has the highest electron density and the lowest 

electron collision frequencies {i.e. Te)· The DC-coupled plasma is 

believed to have higher losses (as the same RF-power level} of ions 

and hence electrons, resulting in a lower n • but a higher T {to 
e e 

sustain the plasma). 

Particle densities in the discharge can be theoretically estimated. 

the relative importance of several production and loss mechanisms can 

be directly found if the balance equation for each species is derived. 

Virtually all bimolecular and termolecular gas phase reactions can be 

neglected thus reducing the overall reaction scheme appreciably. 

The production of CF3 and F is dominated by dissociation of CF4 by 

electrons hence, the overall chemistry of the discharge is highly 

sensitive to changes in ne and Te. 

[ ] 3 21 -3 1016 -2 Density estimates obtained at CF4 = 10 m , ne = m are: 

[CF3 ] - 2 1019 m- 3
, [F] - 1019 m- 3

, [CF3 ] - 1018 m-3
• [F2 ] - 1017 m- 3

• 

The fluorine density reported by other authors is in good agreement 

with the estimate obtained in this work. 
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It is found that C2 F6 may be present in the discharge at appreciable 

densities, [C2 F6 ] ~ 1020 m- 3 Due to the large cross section for 

attachment the contribution of C2 F6 to negative ions can be of the 

same order of magnitudes as of attachment to CF4 . 

The balance equation for negative ions (F-} indicates a negative ion 

density of about three times the electron density. 

This balance equation further indicates that {at T ~ 3 eV} negative e 
ion densities of 100-1000 n {as reported by some authors} are e 
unrealistic. In a steady state the rate of loss (i.e. F- + CF3 +} can 

never exceed the rate of production of CF3 +. 

The estimates for the adsorbed CF3 density indicate a coverage of 

about one monolayer {no silicon present). 

The optical emission profiles of the discharge indicate a drastic 

change in the sheath in front of the (larger} grounded electrode is 

the plasma is switched between AC- and DC-coupling. 

Numerical estimates indicate that, for the conditions used in this 

work, actinometry is valid. A contribution to the population of 

excited (radiating} levels by metastables can be neglected. 

The emission intensity of an argon line (in a CF4 /Ar mixture) 

indicates a decrease of the rate of excitation with increasing 

RF-power 

{k ~ p -o,s). 
ex RF 

The linear increase of ne' despite this decrease of kex {i.e. Te} and 

the axial emission profiles indicate an extra input of ionization and 

excitation by secondary electrons. 

As a function of the gas pressure the rate of excitation (for argon) 

shows a similar behaviour as the rate for momentum transfer as 

determined by the microwave measurements. The fluorine density shows 

(roughly} a linear increase with increasing pressure. 
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From the measurements of the fluorine emission as a function of the 

gas flow a non-flow related fluorine loss (i.e. sticking and volume 

loss processes} could be estimated. For the reactor used in this work 

a rate of T-
1 

- 110 s- 1 was found. 

Absolute calibration of the optical set up, combined with a rate 

constant for excitation of the argon 4p2 p 1 level leads to electron 

temperatures of Te - 3 eV. 

Using this estimate for Te and an estimate for the rate of excitation 

of fluorine leads to a ground state fluorine density of 

[F] - 1019 

estimate. 

-3 
m ' which is in good agreement with the theoretical 

The ion energy measurements indicate a distinct difference between and 

AC- and a DC-coupled plasma with respect to the sheath in front of the 

grounded electrode. 

For an AC-coupled plasma the maximum ion energy is found to increase 

with the RF-power level and to be almost independent of the gas 

pressure. 

For the DC-coupled plasma the maximum energy depends strongly on both 

the RF-power level and the gas pressure. 

As a function of the gas pressure, for both the AC- and DC-coupled 

plasma a minimum is found in the ion current at pressures p - 20 Pa. 

This lack of positive ion current (in the AC-coupled situation no ions 

could be measured between 25 and 45 Pa} indicate a gas phase loss of 

positive ions (i.e. CF3 + + F- ~ CF3 + F}. 

Both the decrease in the electron temperature, as indicated by kem and 

k (combined with the rate constants for ionization and attachment as ex , 
a function of T ), and the ion current measurements indicate that the 

e 
plasma properties (n , T } are dominated by negative ions at p > 20 

e e 
Pa. 
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Since both microwave and optical measurements indicate that the 

electron temperature depends on the RF-power level and the gas 

pressure, it is believed that accurate modelling of the discharge is 

meaningless if Te and the dependence of various rate constants on Te 

are not accurately known. 

To relate the plasma parameters (e.g. n , T ) to external parameters e e 
(e.g. VRF' PRF' p) knowledge of the role of secondary electrons and of 

the sheath properties (role of negative ions) will be inevitable. 
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SAJEWA1TING 

In dit proefscbrift wordt een onderzoek van 

{opgewerkt door een radiofrequente {13,56 MHz) 

bescbreven. 

een CF4 plasma 

wisselspanning) 

De belangrijkste reden voor dit onderzoek Hgt in de relatie met een 

industrieel proces: bet etsen van patronen met {sub)micron afmetingen 

tijdens de fabricage van ge'integreerde schakelingen. Ten einde een 

vergelijking met de industrieele situatie mogelijk te maken is gekozen 

voor een electrode geometrie {overeenkomstig een "single 

wafer" etsreactor). een parameter gebied {bijvoorbeeld RF-vermogen. 

RF-frequentie en gasdruk) en een gas {CF4 ) die een nauwe overeenkomst 

vertonen met een industriele etsreactor. 

Een lage druk (p 10 Pa) gasontlading bestaat ui t een 

quasi-neutraal (licbtend) plasma dat begrensd wordt door ruimteladings 

gebieden {donkere lagen) die aan de electroden grenzen. In bet plasma 

worden door boog energetiscbe electronen cbemiscb actieve deeltjes 

(bijvoorbeeld fluor-radicalen) en ionen geproduceerd. Posi tieve ionen 

die uit bet plasma ontsnappen worden in de ruimteladingsgebieden 

versneld in de ricbting van de electroden. Voor bet plasma etsproces 

zijn de fluxen van cbemiscb actieve deeltjes en energetiscbe ionen naar 

bet substraat (bijvoorbeeld een silicium-schijf met een diameter van 

15 cm) dat op een electrode bevestigd is, van belang. 

De deeltjesfluxen naar de electroden kunnen direct aan productie 

{en verlies) processen in bet plasma gerelateerd worden. Daar de 

productieprocessen in bet plasma gedomineerd worden door de boog 

energetiscbe electronen. is bet essentieel de dicbtbeid en de energie 

(of temperatuur) van de electronen te weten. 

Ten einde de electronendicbtbeid en -temperatuur in een etsreactor 

experimenteel te onderzoeken, is een nieuwe metbode (die gebruik maakt 

van een microgolf trilbolte) ontwikkeld. De nauwkeurigheid van de 

electronendicbtbeid die met deze metbode bepaald kan worden bedraagt 

circa 20 procent. Als gevolg van de grote verscbillen in gegevens over 

botsingsdoorsneden die in de literatuur beschikbaar zijn, kan met deze 

metbode de absolute electronentemperatuur niet nauwkeurig bepaald 

worden; slecbts relatieve veranderingen in de electronentemperatuur 

kunnen waargenomen worden. De gemeten electronendicbtbeden zijn 
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1015 
':'" 1016 m-:- 3 .voor een CF4 plasma en zijn 5 1015 

"'.'" 5 1016 m- 3 voor een 

argon plastll!i!.. Bij de metingen die in dit proefscbrift beschreven worden 

is steeds een electrode-afstand van 2 cm gebruikt. Er is een lineair 

verband tussen de electronendicbtheid en dat RF-vermogen gevonden voor 

het hele parametergebied ~~ PRF = 5 10-2 
- 50 W, p = 5 - 70 Pa, voor 

zowel een plasma met een AC- als een DC-aankoppeling. In een CF4 plasma 

vertoont de electronendicbtbeid een maximum bij een druk van p - 10 Pa, 

in een argon plasma is geen maximum gevonden. 

Zowel de microgolfmetingen als de metingen.van de optiscbe emissie 

van bet plasma wijzen op een afname van de electronentemperatuur bij een 

toenemend RF-vermogen. Aangezien dit ook een afname van de ionisatie 

impliceert, betgeen in tegenspraak is met de lineaire toename van de 

electronendicbtbeid, kan geconcludeerd worden dat er sprake is van een 

extra ionisatie tengevolge van secundaire electronen (die vrij gema.akt 

worden aan de electroden). Een sterke asymmetrie in de axiale emissie 

profielen (een verboogde emissie aan de kant van de electrode die aan 

bet grootste ionenbomba.rdement is blootgesteld), staaft deze conclusie. 

Eveneens wijzen zowel de microgolfmetingen als de optiscbe 

emissiemetingen op een minimum in de electronentemperatuur als functie 

van de gasdruk bij een · druk van p - 20 Pa. Dit minimum wordt 

toegeschreven aan de aanwezigheid van negatieve ionen. 

Het effect van een afnemend verlies van positieve ionen (en vanw~e de 

quasi neutraliteits voorwaarde, dus ook van electronen) bij een toename 

van de gasdruk wordt versterkt door negatieve ionen. Deze afname van bet 

electronenverlies beeft tot gevolg dat een lagere electronentemperatuur 

noodzakelijk is voor de instandhouding van het plasma. 

Deze lagere electronentemperatuur bevoordeelt op zijn beurt de vorming 

van negatieve ionen boven de vorming van positieve ionen (en 

electronen). Uiteindelijk wordt bet verlies van geladen deeltjes bepaald 

door negatieve ionen in processen in de gasfase {bijvoorbeeld 

F- + CF3 + ~ F + CF3 ). Metingen van de ionenstroom naar een electrode (in 

bet drukgebied tussen 25 - 45 Pa werden geen posi tieve ionen gemeten) 

alsmede theoretiscbe afschattingen staven deze conclusie. 

Ui t een combinatie van de optische metingen (na een absolute 

ijking) en de met de microgolf metbode bepaalde electronendichtbeden kan 

een vrij nauwkeurige waarde van de electronentemperatuur bepaald worden: 

Te = 3 ± 0,5 eV (bij PRF = 20 W. p = 13 Pa). 
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Indien de emissie-intensiteit van fluor (eveneens geijkt), de hiervoor 

genoemde electronentemperatuur, de electronendichtheid en een 

afschatting van een excitatieconstante gecombineerd worden, volgt voor 

de fluordichtheid in de ontlading een waarde van [F] - 1019 m- 3 (deze 

waarde is een orde van grootte). Deze fluordichtheid komt goed overeen 

met een theoretisch bepaalde waarde. 

De theoretische benadering (balansvergelijkingen) die gebruikt is 

om de fluordichtheid te berekenen is ook toegepast voor de bepaling van 

de dichtheid van andere deeltjes. Bij een CF4 dichtheid [CF4 ] = 3 1021 

m- 3 en een electronendichtheid n = 1016 m-3 zijn de volgende dichtheden 
e 

berekerid: [F2 ] - 1017 m-3
, [CF2 ] - 1018 m-3

, [CF3 ] - 2 1019 m- 3
, 

[C:aF6 ] - 1020 m-3
, [F] - 1019 m-3 en [F-] - 3 1016 m- 3

• 

Een quadrupool massaspectrometer en een energieanalysator zijn 

gebruikt om de flux van energetische ionen naar de geaarde electrode te 

onderzoeken. Tussen de ionenenergieen in een AC-gekoppeld plasma en een 

DC-gekoppeld plasma zijn belangrijke verschillen gevonden. In de 

AC-gekoppelde situatie zijn ionen-energieen gemeten tussen de 50 en 100 

eV, de ionen-energieen in de DC-gekoppelde situatie zijn daarentegen 130 

tot 300 eV. Als functie van de gasdruk blijken de ionen-energieen in de 

AC-situatie nauwelijks minder den 10 eV te veranderen. in de 

OC-gekoppelde si tuatie zijn veranderingen van een factor 4 gemeten in 

bet drukgebied van (p = 9 tot 40 Pa). 
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