
 Eindhoven University of Technology

MASTER

Langmuir probe and Doppler shifted laser induced fluorescence measurements in an
inductively coupled plasma reactor

Knols, E.W.M.

Award date:
1997

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/aefa31c9-7987-4da9-bc77-28bffe536a30


Eindhoven University of Technology 
Department of Applied Physics 
Elementary Processes in Gasdischarges 

Langmuir Probe and Doppler Shifted 
Laser Induced Fluorescence J\1easure
ments in an Inductively Coupled 
Plasma Reactor 

Edwin W.M. Knols 
March 1997 

VDF /NG 97-03 

l\1aster Thesis 

Supervisors: 

Committee: 

ir. M. van de Grift 
Prof. Dr. F.J. de Hoog 

Prof. Dr. F.J. de Hoog 
ir. M. van de Grift 
Dr. W.J. Goedheer 
Dr. ir. G.M.W. Kroesen 
Dr. ir. C.J. Timmermans 
Dr. A. Veefkind 



Abstract 

The Inductively Coupled Plasma source (ICP) is one of the most promising high 
density sources, for rapid and large, wafer processing. The aim of this gradua
tion project is to obtain information on the various plasma parameters of this 
device. Important features are the transport of ions to the walls and the various 
temperatures of the plasma particles. 
To obtain values of electron temperatures and plasma densities, both single 
and double, spatially resolved, Langmuir probe techniques have been used in 
a low pressure argon plasma. Plasma densities in a range from 0.5 · 1017m-3 to 
2.0·1017m-3 and electron temperatures in a range form 2.5 eV to 5 eV, have been 
measured in a plasma at an input power in a range from 100 Watt to 500 Watt 
and at pressures in a range from 0.5 Pa to 7 Pa. Ion temperatures and velocities 
have been obtained from Doppler Shifted Laser Induced Fluorescence (DS-LIF). 
The measurements showed to be in good agreement with a simple global plasma 
model based on particle and energy balances. 
E.g. Whereas the electron temperature is independent of position and power in
put, the plasma densities showed linear behaviour with power input and a strong 
spatial profile. A remarkable result of the DS-LIF experiment, was the evidence 
of the formation of the pre-sheath in front of the final plasma boundary layer. 
Bohm velocities of up to 4.5 km/s have been measured, indicating a pre-sheath 
acceleration potential of 5 volt. 
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Chapter 1 

lntrod uction 

This master thesis is written during my stay in the group of Ele
mentary Processes in Gas Discharges at the Eindhoven University of 
Technology. Plasmas as applied to etch silicon wafers during the pro
duction of (computer) chips is dealt with. Several physical quantities 
like the electron temperature, electron density and the metastable ar
gon ion velocity distribution are measured. The data are discussed in 
the framework of existing plasma models. 

1.1 Introduction 

Low pressure inductive RF discharges are of great importance to modern plasma 
technology. The absence of electrodes which can be sputtered and the high plasma 
density that can be achieved, are attractive features of low-pressure inductively 
coupled plasmas. Furthermore it is possible to produce very uniform plasmas 
with controllable impinging ion energies. The simultaneous accomplishment of 
all these requirements seems to be barely achievable with the standard discharge 
for plasma etching: the capacitively coupled RF discharge. Therefore new oppor
tunities plasma processing and light source technology are offered. In recent 
years a lot of comprehensive data of low pressure capacitive RF plasmas has been 
acquired. However only limited empirical characterization of inductively coupled 
plasmas is available. To improve and test the models on these plasmas, it is nec
essary to acquire more data about inductively coupled plasmas. Their usefulness 
in a wide field of applications makes these plasmas interesting. They are used in 
chemical analysis, plasma aided chemical synthesis, crystal growth, plasma 
position and plasma etching. Typically, the ICP is operated in a pressure range 
0.1 10 Pa. and powers of 200-2000 \Vatt, generating a plasma with electron 
densities of 1011-1012 cm-3 and an electron temperature of a few eV. 
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1.2 Purpose of Investigation 

The goal of this project is to gain more data on the velocity distribution of ions in 
an Inductively Coupled Plasma (ICP) in order to check the existing models. The 
ion velocity distribution has been measured with Doppler Shifted Laser Induced 
Fluorescence (DS-LIF). To interpret these measurements correctly, more data is 
needed. With Langmuir probe measurements the plasma density and the electron 
temperature have been measured as a function of the position in the plasma. The 
measurements have been performed at plasmas with a pressures from 0.1 Pa to 
7 Pa, and powers from 100 to 500 Watt. 

1.3 Etching of Silicon Wafers 

The semiconductor industry uses ICP's to make computer chips. During this 
process a structure in the wafer is etched with a plasma. A mask covers the 
structures that do not need to be etched. The rest of the wafer will be etched 
until a certain depth has been reached. This etching can be done by aggressive 
liquids. But the disadvantage of these is that they etch under the mask, which is 
called isotropic etching. A plasma on the other hand, contains charged particles 
and radicals. When the wafer is negatively charged, the positive ions from the 
plasma will bombard the wafer. The energy they gain due to this applied electric 
field is much more higher than the thermal energy they had in the plasma. This 
is the reason why they bombard the wafer perpendicular. As a result, there will 
be no etching under the mask. This is called anisotropic etching. In practice 
radicals are used to increase the etchrate. Due to this the etchstructure will be 
something between an anisotropic and an isotropic structure. See figure 1.1. 

isotropic anisotropic 

Figure 1.1: U nderetch 
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1.4 High Ion Density Sources 

A higher production of particles involved in the etching process, will increase the 
etchrate. With capacitively coupled plasmas it is possible to get high plasma 
densities. A disadvantage of these plasmas however, is that the bias over the 
wafer and the plasma increases. Due to this increase the energy of the impinging 
ions increases. The wafer can be damaged by high energy ions and therefore the 
density has to be adjusted to a lower level. vVith inductively coupled plasmas it is 
possible to adjust the ion density, and change the ion energy independently with 
the bias voltage. \¥hich is a big advantage of ICP's, compared to capacitively 
coupled plasmas with respect to plasma etching and that is why investigation on 
these ICP's is necessary. 
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Chapter 2 

Basic Plasma Physics 

A plasma is a gas which contains free electrons and ions. The electron 
density is comparable with the ion density on length scales larger than 
the Debye length. The inner dimensions of the vessel containing the 
plasma, have to be larger than the Debye length. The distances on 
which the electrical and magnetical forces can act, are much larger 
than the distances on which the forces between neutral particles can 
act. Due to these interactions the behavior of a plasma can be totally 
different from that of an ordinary gas. 
This definition could imply that there is one sort of plasma. Which is 
not the case. There is a whole range of plasmas, differing from weakly 
ionized plasmas to fully ionized plasmas. The plasmas can be classified 
into groups. Which differ for example in electron temperature (Te) 
and electron density (Ne). 

2.1 Examples of Plasmas 

The sun: This very huge plasma is very well known. It is also an example of a 
plasma which emits light. The energy source of the sun is based on a fusion 
reaction. The energy released by these reactions is distributed as kinetic 
energy among the reaction products. The temperature of the ions in the 
interior is in the order of 15·106 K. 

Candleflames: The temperatures of this common plasma are not as impressive 
as those within the sun, but are still high enough to burn yourself. With a 
candlefiame it is easy to demonstrate that plasmas conduct electricity. A 
charged leaf electroscope can be decharged with a candlefiame. 

Fusion plasmas: These plasmas are ignited to generate fusion power. They are 
heated with an electrical current. By doing this the pressure of the gas 
and the density of the charged particles increases. Other heating methods 
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are applied later, to initiate the fusion reaction. This reaction produces a 
lot of energy. To initiate the fusion reaction very high temperatures and 
pressures are needed. To avoid cooling of the ions due to contact with the 
relatively cold wall, the plasma is trapped in a magnetic field. With this 
magnetic field it is also possible to compress the plasma, which will result 
in a higher temperature and pressure. The goal to achieve is the production 
of (electrical) energy. At this moment there is still no power plant operative 
with a fusion reactor as power source. 

Gas discharge lamp: These plasmas are used as light sources. The mercury 
plasma inside the tube produces ultra-violet light. This light excites the 
phosphor on the wall of the tube and the phosphor emits visible light. There 
are three different phosphors, each emitting a different colour. By changing 
the mixture of phosphors the colour can be adjusted to the desired colour. 

2.2 Plasma Processes 

Low pressure plasmas are created inside a vacuum chamber. Gas flows into this 
vessel and is pumped out on the other side to adjust the pressure. In this gas there 
always will be some free electrons and ions present due to cosmic radiation. When 
an electric field is created, the charged particles are accelerated and gain energy. 
In the ICP setup used in this investigation radio frequent magnetic fields are 
used to induce the electric fields in the vacuum chamber. The electrons which 
are lighter than the ions, a factor of 7.3·104 for argon gas, will gain sufficient 
energy to ionize neutral atoms: 

(2.1) 

By ionization reactions an electric field can increase the charged particle density. 
As the density of charged particles increases, loss reactions become important 
too. An example of a loss reaction is recombination: 

(2.2) 

Loss by transport is another way of losing ions. The flow of particles J is pro
portional with the gradient of the density: 

J = -Da · '\ln, (2.3) 

where n is the particle density and Da is ambipolar diffusion coefficient. Loss 
and production rates will reach an equilibrium and a steady density of charged 
particles is achieved. An atom or ion in a state p can be excited to state q by a 
collision with an electron: 

A(p) + e- ---+ A(q) +e-. (2.4) 
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Most of these states are not stable and the excited atom will make a transition 
to a lower energy state again: 

A(q) -t A(p) + hv. (2.5) 

In this transition a photon with energy hv is released. 

2.3 Plasma Parameters 

A plasma contains free electrons and ions. In an argon plasma the ions are 
roughly 7.3·104 times heavier than the electrons. If the ions and electrons have a 
Maxwellian velocity distribution it is possible to define a temperature: 

~kT 
2 

(2.6) 

where m is the mass of the particle, v the average velocity, k the constant of 
Boltzmann and T the temperature. If the electrons and ions have the same 
temperature the electrons will be ,/7.3 · 104 c::::: 270 times faster than the ions, 
due to the mass ratio. Generally the electrons and ions in a plasma, do not have 
the same temperature. The ions and electrons are heated by the RF -field. Due 
to the mass ratio, the energy transfer between an ion and an other heavy particle 
is larger than the energy transfer during an elastic collision between an electron 
and an heavy particle. Therefore an electron will keep its energy and an ion will 
be thermalized by the neutrals. This causes two different temperatures; 

1. 1~, the electron temperature and 

2. Ti, the ion temperature. 

With equation (2.6) in mind, the conclusion can be drawn that a higher tempera
ture means a higher velocity. Recapitulating this, it is obvious that the electrons 
have a higher velocity due to both a lower mass (See equation (2.6)) and a lower 
energy transfer to the colder atoms during collisions. 
The random flux of particles r is given by: 

(2.7) 

where n is the density of the particles ( i refers to ions and e refers to electrons) and 
vis the average speed of ions or electrons. With the assumption that ne ni and 
the fact that electrons are faster than ions, one can see that the electron flux is 
higher than the ion flux. So also the electron flux to the boundaries of the plasma 
will be higher than the ion flux to the boundaries. This means that initially more 
electrons than ions leave the plasma. Therefore the potential of the plasma, Vp 
will rise. According to the quasi neutrality condition, a potential difference inside 
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the plasma can hardly exist. At the edges of the plasma however the electron 
and ion density will differ. This causes a net charge density and a potential 
difference between the plasma and the surrounding wall, called the sheath. The 
length scale on which the ion and electron density can differ and the plasma is 
not quasi-neutral, is called the Debye length: 

(2.8) 

where co is the permitivity in vacuum, e the charge of one electron and ne the 
electron density. The Debye length is also a first approximation equal to the 
sheath thickness. Due to the potential difference between the plasma and the 
surroundings, the electrons will be retarded and fewer electrons will leave the 
plasma, so that as a result an equilibrium is reached. 
A probe inserted into the plasma, will be bombarded by electrons and ions. 
Initially the electron flux f e is larger than the ion flux ri. Due to this phenomenon 
the probe recharges negatively. The assumption that the probe is insulated and 
only in contact with the plasma is hereby made. The probe will finally reach 
the so called floating potential, v,. The difference between the plasma potential 
and the floating potential can be calculated by balancing the fluxes to the probe 
assuming that the particles have a Maxwellian velocity distribution, and is given 
by: 

Te ( 3.34 + ~ln(jj)) , (2.9) 

where e is the charge of one electron and jj mass of the atom in atomic mass 
units. For cu:gon jj=40 and equation(2.8) becomes; 

(2.10) 

where Te an V is in volt. (See appendix A) 

2.4 The Bohm Criterion 

In this section a theoretical modeP•\ which describes the behaviour of electrons 
and ions in the sheath and pre-sheath, will be discussed. The model contains a 
set of differential equations and four assumptions: 

1. sheath is collisionless. The proof of this approximation will be pre-
sented in section 4.1. Due to this assumption, no recombination or ioniza
tion will occur in the sheath. This means that the ion current density is 
constant and the energy conserved perpendicular to the electrodes. 

2. The density of the electrons is given by the Boltzmann distribution. 
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3. The potential in the sheath decreases monotonously. 

4. In the glow quasi-neutrality is assumed. 

The spatial electron density, using the Boltzmann energy distribution is given by: 

ne(z) = noe. e (2.11) 

where ne ( z) represents the electron density in the sheath at position z. The edge 
of the sheath on the glow side is at z = 0. The electron density in the glow is 
noe and V ( z) is the potential at position z. Due to conservation of particles and 
a constant ion flux, equation (2.12) is valid: 

ni(z) · vi(z) constant, (2.12) 

where ni(z) represents the ion density and vi(z) the ion velocity at position z. 
Conservation of ion energy perpendicular to the electrode, gives: 

(2.13) 

where mi represents the ion mass. The potential in the sheath obeys the equation 
of Poisson: 

Eo 
(2.14) 

where Eo is the permitivity of the vacuum. As boundary condition, quasi neutral
ity in the glow is assumed: 

(2.15) 

in which ni(O) and ne(O) represent the ion and electron density, respectively,in 
the glow. The ion density as a function of the potential can be derived from 
equations (2.12) and (2.13): 

(2.16) 

The Poisson equation, now changes in: 

-::-:'::-'-- = _noee·( 1 -exp [- e(V(O) V(z))l) .(2.17) 
Eo )1 + ~mi:2 (o) [V(O)- V(z)] kTe 

The space charge is positive in the sheath, so the potential decreases monotonously. 
As a result the second derivative of the potential, with respect to the position, 
has to be lower then zero: 

(2.18) 
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Close to the glow, V(O) V(z) must be very small. Equation (2.18) can now be 
approximated by: 

(V(O)-V(x))· [-1· [1 e2( ·l +-ke l >0. 
2 zmiv 0) ~Te 

(2.19) 

This gives the Bohm criterion: 

v(O) > lkJf: = UB· (2.20) 

Which means that the minimum velocity of the ions when they arrive at the 
sheath edge, has to be larger then UB, the Bohm velocity. As a result one can 
conclude that the ions are accelerated between the glow and the sheath. The 
region in which they are accelerated is called the pre-sheath. In chapter 5 and 7 
the ion velocity distribution in the pre sheath will be investigated experimentally. 



Chapter 3 

Reactor Setup 

To investigate a plasma and its parameters a reactor in which a 
plasma can be generated is necessary. Also needed is measurement 
equipment to investigate this plasma. In this chapter the reactor will 
be discussed. A plasma is generated in a gas (e.q. argon) with electro
magnetic fields. (See Chapter 2.) The two main components of the 
reactor are thus: 

1. the plasma vessel and1 

2. the plasma generator system. 
In this chapter both components will be discussed. 

3.1 Vacuum Equipment 

3.1.1 Introduction 

To produce a low pressure argon plasma, the vessel used first has to be pumped 
down to a necessary vacuum level to prevent the presence of air and contam
ination. In the setup used in this investigation this level is 1 · 10-4 Pa. This 
level is achieved by using three pumps which pump in line (See 3.1.3). When the 
pressure of 1 · 10-4 Pa. is achieved, argon gas flows into the vesseL To adjust 
the pressure the pump capacity and the inlet flow are held constant and the flow 
resistance between the vessel and the pumps is changed by a controller valve. 
The entire system is automatic and controlled by PLC's. In the next paragraphs 
the function of the different components will be explained in more detail 

3.1.2 The Vessel 

The center of the equipment is a 20.6 em high stainless steel reactor with a 
diameter~' of 26.2 em. The reactor contains several flanges. The flange on the 
bottom side is sealed with a 12 mm thick quartz window (¢=18 em) and the 
three horizontal ones (10 mm thick,¢= em) are sealed with glass to perform 
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optical experiments. One horizontal flange is connected to the vacuum pumps. 
Other flanges contain measuring instruments or are not used. Inside the vessel 
eight small gas inlet pipes take care of the gas supply. See figure (3.1) and (3.2). 

3.1.3 Pumps 

Three different pumps are used in the system. To bring the pressure in the system 
down, the rotation pump (1) starts first. ~When the pressure in the roots pump 
(2) reaches a level below 200 mbar, this pump starts pumping too. Both pumps 
are connected to the reactor via a bypass. The valve between the turbopump 
and the reactor ( 4) is closed. The two pumps pump through the bypass until 
the pressure in the vessel is below 4 mbar and the turbo pump (3) is started. 
This pump is a turbine like pump that can achieve very low pressures but is not 
able to pump a large flow. ~When the adjusted speed is reached (4.5·104 r.p.m.), 
the turbo pump is started. The bypass is then closed and the valve between the 
vessel and the turbo pump is opened. The three pumps are pumping in line now 
and the minimum pressure of 1 · 10-4 Pa. can be achieved. 

Figure 3.1: Pump setup 

3.1.4 Gas Control 

To investigate a pure argon plasma, contamination due to leakage gas has to be 
removed. This is done by continuous refreshment of the gas. At one side clean gas 
enters the vessel through a flow controller (12). The flow is adjustable between 
1 and 100 seem. On the other side gas is pumped out of the vesseL 
To adjust the pressure the pump capacity and the inlet flow is held constant and 
the pump resistance between the vessel and the pumps is changed. This is done 
by a controller valve ( 4). The valve acts like a diaphragm and can be adjusted 
very quickly. The controller valve is connected to a regulator. The user defines a 
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setpoint for the pressure with a computer. This computer is connected to a PLC 
system and this will give the regulator its setpoint. The regulator compares the 
pressure in the vessel with the setpoint and changes the position of the valve to 
achieve the desired pressure. 
For most of the experiments a flow of 100 seem is used. This equals a flow of 
7.4·10-5 moljs. The reactor contains: 

-2 3 
1Pa. ~1 . 10 m = 2.68. w-6 mol, 
8.3 mol·K · 500K 

(3.1) 

particles at a temperature of 500 K and a pressure of 1 Pa. The average time a 
particle will be in the reactor is thus: 

2.68 . w-6 mol 36 
= msec. 

7.4. w-5 mol/ s 

Now it is possible to calculate the pump capacity: 

7.4 · 10-5 moi · 8.3-1-500K m 3 

s molK = 0.31 
1Pa s 

(3.2) 

(3.3) 

Which equals 310 liters per second. The minimum reachable pressure is 1 · 10-4 

Pa. With a pumpcapacity of 310 liter per second and a room temperature of 300 
K, this equals a flow of: 

10-4 Pa. 0.31 mol 
---:----'

8
"- = 1. 25 . 10-8 

8.3m~lK300K s 

Comparing the inletflow of argon and the flow due to leakage: 

1.25 . 10-8 mol 
------"s.- 1.7 ·10-4. 
7.5. w-5 mol 

s 

(3.4) 

(3.5) 

In the worst case, one out of every 6 · 103 particles is no argon. A part of the 
leakage gas is just argon coming from the wails of the reactor. Therefore this is 
the maximum contamination in this setup. The contamination of the argon gas 
inlet flow is less then 0.001 This contamination can be neglected compared 
with the leakage flow. 

3.2 RFI Equipment 

3.2.1 Introduction 

Chapter 2 already dealt with how electric fields can generate a plasma. In the 
used setup a homogeneous plasma is desired. The equipment to achieve this will 
be discussed in the next paragraphs. 
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Figure 3.2: RFI setup 

3.2.2 The Coil and the Faraday Shield 

In the used setup a three turn, inductive coil 0=10 em is used, to generate a 
radio frequent (13.56 MHz.) magnetic field. This RF magnetic field induces 
a RF electric field which heats the electrons. The coil is located outside the 
vessel adjacent to a 12 mm thick quartz window and is powered with a 2 kW 
RF generator through an 1-type capacitive matching network (See figure 3.2). 
To optimize the concentration of the field lines in the vessel and to screen the 
immediate influence of the electric field of the wire, a Faraday shield is used. In 
the center of the copper Faraday shield em a hole where the field lines can 
enter the vessel is present. At the edges of this shield, slits are present, through 
which the magnetic field lines are forced. The remaining parts of the reactor are 
made of stainless steel, except for the windows, and are not penetrable for radio 
frequent magnetic fields. By forcing the field lines through the slits a concentrated 
field inside the reactor is created. A changing magnetic field induces an electric 
field perpendicular to the magnetic field, and because of this a current is induced 
in the Faraday shield. To prevent the heating of this shield and powerloss due to 
this current, slits have been made from the center hole to the edge of the shield. 
See figure (3.3). 

3.2.3 Matching Network 

The coil can be seen as the first coil in a transformer, whereas the plasma is the 
second. To optimize the energy dissipation the plasma and to reduce power 
loss in the electrical system, a matching network is used (See figure 3.4). This 
network contains two adjustable capacitors ( C\ ,C2). By keeping the impedance 
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Figure 3.3: Faradayshield 

of the matching network, coil and plasma at a value of son, the power reflected 
to the power source is minimized. 

3.2.4 Efficiency 

C Plasma :::::::::::> 
Farad~ 

Figure 3.4: Matching network 

A matching network is used to optimize the energy dissipation in the electro 
magnetic field. A lot of energy, however, is dissipated in the Faraday shield, the 
stainless steel vessel, the coil and radiation. The current through the coil has 
been held constant and the power delivered by the source in a perfect matched 
matchbox has been measured. With a plasma burning, more power is needed 
to keep the current through the coil at the same level as without a plasma. 
This power difference is assumed to be the power dissipated in the plasma. The 
efficiency is the power dissipated in the plasma, divided by the power which 
has to be delivered by the power source. See figure (3.5). It is believed that 
the powerloss due to radiation, is smaller with a plasma burning then without a 
plasma at a same coil current. The reason is that without the plasma, the primary 
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100 300 400 

Applied power 

Figure 3.5: Efficiency 

coil acts as a radiating dipole. With a plasma burning, the electron current in the 
plasma act as a secondary radiating dipole. These two dipoles are radiating in an 
opposite direction and thus the fields nullify each other partially. The smaller loss 
of power due to radiation is not taken into account in he efficiency calculation. 
As a result the efficiency calculated, is a minimum efficiency. 



Chapter 4 

Langmuir Probes 

The pioneering work with electric probes was done by Langmuir in 

1924. Consequently these probes are often called Langmuir probes. 
These probes can be used to measure the electron temperature Te and 
the electron density Ne. The theory and experimental setup of Lang
muir probes will be discussed in this chapter. 

4.1 Theory 

4.1.1 Single Probe Theory 

In the setup used in this project, the probe contains a 3.9 mm long tungsten (W) 
wire with a diameter of 0.4 mm which is inserted into the plasma. The other side 
is connected to a voltage supply and a current measuring device. See figure 4.1. 

When the current is measured as a function of the applied voltage, a plot like 

R 

V I 
+--

Figure 4.1: Single probe setup 

in figure ( 4.2)arises: Three regions can be distinguished: 
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Figure 4.2: Single probe curve 

A) Ion saturation region The voltage of the probe is negative with respect 
to the plasma potential. The current increases slowly with increasingly 
negative potential. In this region the difference between the plasma poten
tial and the probe potential is so large, that only electrons in the tail of 
the Maxwell distribution can reach the probe and all the ions that reach 
the sheath boundary will be accelerated to the probe. For probes of small 
dimensions the current increases. This happens only because the sheath 
thickness will become larger as the applied negatively voltage is raised. 
The surface area of the sheath increases and more ions reach the boundary 
of the sheath. 

B) Electron retarding region A region in which the current passes through 
zero and then increases rapidly with increasing positive potentials. Here 
both ions and electrons are collected. The ions can reach the probe until 
it has the plasma potential plus several times the ion tern perature (in e V). 
The ion temperature in the used setup is about 0.02 eV. So practically 
no ion can reach the probe when the probe potential is higher than the 
plasma potential. Electrons on the other hand have a higher energy. They 
are retarded as the probe potential is lower than the plasma potential. As 
the electron energy is several eV they can reach the probe until the probe 
potential is several volt lower than the plasma potential. 

C) Electron saturation region A region of electron current only, in which the 
current increases slowly with increasing positive potentials. Here no ions are 
collected. All electrons which reach the sheath boundary, will be accelerated 
towards the probe. The current only increases because the sheath thickness 
increases and the sheath area becomes larger. The rate of current increase 
is strongly dependent on the geometry of the probe. In an argon plasma 
the saturation current of the electrons will be a factor of 270 higher than 
the ion current due to the random flux ratio. (See equation (2. 7). 
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To interpret the curves correctly, it is necessary to find out in which plasma regime 
the plasma near the probe is. Is it collisional or collissionless? The sheath can be 
thick or thin compared with the probe radius. Some equations will be presented 
to calculate the various length scales. The Debye length (See equation 2.8) is 
a first approximation of the sheath thickness. For the setup under investigation 
some often used parameters are: ne = 2 · 1017m-3 , Te = 3 eV. As a result 
Av = 29 f-Lm. is found. 
The mean-free-path )..0 for the electron-neutral collisions is given by: 

1 
Ao = --, 

n0a 
( 4.1) 

where n0 is the neutral atom density and a the collision cross-section for electron 
-neutral collisions. At a pressure of 2 Pa the density of the neutrals is: 5·1020m - 3 • 

a is in the order of: 5·10-20m2
• This gives a )..0 of: 40 mm. 

The probe radius R is 0.2 mm. Comparing the numbers it follows that: 

>.v < R < >.o, and 
R 
>.v ~ 6.9. (4.2) 

For 1 < R/ Av < 100 the theory of the transition region between a thin and thick 
sheath is valid. Furthermore it can be concluded that the sheath is collisionless. 
For this region an expression for the ion current has been derived1: 

( 4.3) 

The electron current in the electron retarding region is given by 1 : 

I _ N A J kTe ( e(Vprobe - Vpzasma)) e - e e probe exp kT . 
27rme e 

( 4.4) 

A derivation of equations ( 4.3) and ( 4.4) can be found in appendix A, together 
with the used assumptions. 

4.1.2 Double Probe Theory 

In the double probe method applied, two single probes which are interconnected 
as shown in figure ( 4.2) are used. The double probe theory is based on the single 
probe theory discussed in 4.1.1. Further Kirchhoff's current law is used, which 
requires that the total net current of positive ions and electrons flowing to the 
system from the plasma has to be zero. 
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Plasma 

~----~ 

Figure 4.3: Double probe setup 

Qualitive treatment 

The potential Vd between the two probes is called the differential voltage, and 
its associated current, id, the circuit current. See figure ( 4.3). Assume that the 
probes are equal surface area and that no contact potential or differences in 
plasma potential from point to point exists. Furthermore assume that Vd has no 
influence on the ion current to the system. Three situations will be investigated; 

1.5 

1.0 

:;: 0.5 
§ 

~ 0.0 
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·1.0 

~ ~ ~ ~ 0 ~ ~ 00 00 
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Figure 4.4: Double probe curve 

1. Vd = 0: Each probe will collect zero net current from the plasma and both 
probes will be at floating potential. The current id must be zero because 
no net potential acts on the current loop. See figure ( 4.4) and ( 4.5). 

2. Vd = small positive voltage: The probe potentials with respect to the plasma 
must adjust themselves so that the basic current relations are still satisfied. 
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Figure 4.5: Probe potentials 

Probe 2 moves closer to plasma potential and collects more electrons. Probe 
1 moves away from plasma potential and collects fewer electrons. The 
extra electrons flowing to probe 2 pass through the circuit to make up the 
deficiency at probe 1. See figure ( 4.4) and ( 4.5). 

3. lid = large positive voltage: Probe 2 still moves closer to plasma potential 
and collects the entire electron current to the system. Probe 1 is now so 
highly negative with respect to the plasma that no electron can reach it. 
Half of the electrons reaching probe 2 pass through the system to probe 1. 
Again all conditions are reached. See figure ( 4.4) and ( 4.5) 

Quantitative treatment 

V2 

Vl 1 ~Vd 

2 

Figure 4.6: Probe potentials 

This paragraph will give a more quantitative description of the currents flowing 
to the probes. Also a method of finding the electron temperature is presented. 
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Kirchhoff's current law requires; 

( 4.5) 

where ip is the ion current to probe 1 or 2 and ie is the electron current to probe 1 
or 2. Substituting the equivalents for ie, assuming that the velocity distribution 
of the electrons is Maxwellian, one obtains: 

2: ip = AtJ1 f-¢Vl + A2J2f-¢V2
' 

where 

c/J= 
e 

kTe' 

( 4.6) 

(4.7) 

A is the probe area and J is the random electron current density. The potential 
diagram of figure ( 4.6) yields: 

Substituting ( 4.8) in ( 4.6) results in: 

2: ip = A1J1 f-¢(V2 +Vd-Vc) + A2J2f-¢V2 • 

Rearrangement gives; 

With 

( 4.10) gives: 

or 

c¢V2 • (Atli . c¢(Vd-Vc) + A2J2) 

A2J2 · c<t>V2 

( 4.8) 

( 4.9) 

( 4.10) 

(4.11) 

( 4.12) 

(4.13) 

An expression for the electron current ie2 as function of the electron temperature 
has thus been derived. \Vhereby cjJ is a function of the electron temperature. An 
expression for the electron temperature can now be derived: 

Taking the derivative of ie2 with respect to Vd and for Vd 0, one obtains; 
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Solving the equation forTe and substituting d~jdie2 by its practical equivalent, 
d~jdid, one obtains; 

(4.15) 

where Te is in electronvolt. In the setup used, it is assumable that the plasma 
potential and the current densities are uniform in the probe region. One can 
conclude that Vc is zero and ] 1 = ] 2 . Furthermore the probe areas are equal and 
consequently a =1. With 

( 4.16) 

equation ( 4.15) becomes very convenient: 

(4.17) 

The factor R0 is denoted as the equivalent resistance. Which gives the method 
its name2

. 

4.2 Experimental Setup 

4.2.1 Introduction 

Several types of equipment can be distinguished in the setup. Apart from the 
probe itself some device is needed to transform the analog signal to a digital 
signal. Furthermore a computer is needed to fit the curves. The next paragraphs 
will discuss these elements in more detail. 

4.2.2 The Probe 

The probe consists of two tungsten wires (1 in figure ( 4.6)) which protrude into 
the plasma. The wires are partially insulated with glass capillaries (2), and are 
inserted into a stainless steel tube (3). This tube is grounded to shield the wires 
from the RF fields. The tube is covered with glass ( 4) to insulate the grounded 
tube from the plasma. The tube is connected to a metal plate which is connected 
to a bellow and seals the flange. The probe can be moved in three dimensions 
because of the flexible bellow. This can be done very accurately ( ± 60 p,m.) by 
adjusting three micrometers. 
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Figure 4. 7: Probe Schematic 

4.2.3 Electronics 

A voltage supply and a resistor are placed between the two wires. By measuring 
the voltages across the power supply and the resistor (1KD), a current voltage 
curve can be made. The voltage supply (V) has a range from 0 to 60 V and 

---------BL-----------------------------------~ I 

B ' ' C 

' ' 1------------------------· ------------------------

Figure 4.8: Electronics 

is reduced by a voltage divider (R4 and R5) so that it can be measured with 
the insulating buffer amplifier( A), See further in this chapter. All parts of the 
electronics in frame B are at floating potential. Because the AD-converter is not 
floating, a network with buffer amplifiers is used. These amplifiers have a gain 
of 1 and eliminate the offset on the signal. While on the floating side the voltage 
for example is 10 and 15 Volts, the output of the buffer amplifier is then 0 and 
5 Volts. In the buffer amplifier the DC-signal is converted into a block signal. 
The voltage difference of the inlet defines the duty cycle. This block signal is 
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set on one side of a capacitor. On the other side of the capacitor the signal is 
transformed to a DC signal again. Due to a large resistance over the capacitor, 
there will be almost no leak current from the floating side to the grounded side 
of the amplifier. The transformation to a AC-signal superposes a ripple on the 
signal. Two low pass filters (C) are used to eliminate the ripple. The electric 
signal is then applied to an AD-converter. 
It has to be noted that the setup described here, is used for double probe mea
surements. For single probes, connection 2 has to be grounded. 

4.2.4 Software 

A program written in Borland Pascal uses an IEEE card to read the AD-Converters 
of a lock-in amplifier. This program also opens a temporary file to store the data. 
After the measurement the data is read and multiplied by a correction factor to 
take into account, the influence of the voltage dividers used in the network. This 
data is then saved in a data file. 

4.2.5 The Fit 

Single Probe 

The computer program Origin is used to plot and fit the single probe curves. The 
curves are fitted with an analytic function. This function contains the ion current 
(equation 4.3) and the electron current (equation 4.4) in the electron retarding 
region. Both have been fitted from -70 volt to about +10 volt. The ion current 
is a function of the electron density. This density can be found by fitting the ion 
current part of the curve. The electron current is both a function of the electron 
density and the electron temperature. Both parameters can thus be found. These 
regions are combined in one fit and this gives both the electron temperature and 
the electron density. 
Previous measurements are treated in a different way. The electron current did 
not follow the analytic function, due to reasons which will be discussed later. 
These curves were squared and a straight line appears in the ion saturation region. 
this line has been fitted with equation ( 4.3) squared, according to: 

1 
16 

( 4.18) 

( 4.19) 

All the factors in this formula, except the density, are known. N; and thus the 
density can be derived from the slope of the straight line. From the slope and the 
crossing point of they-axis the plasma potential can be derived. With the plasma 
potential and the floating potential the electron temperature can be found with 
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use of equation (2.10). The reliability of the electron temperatures found with 
the former described method was very low. Therefore new measurements have 
been done with a slight different setup. 

Double Probe 

The double probe measurements are only used to derive an electron temperature. 
This is done with equation ( 4.17) 

4 
( 4.20) 



Chapter 5 

Doppler Shifted LIF 

To fully exploit the possibilities of etch reactors more information is 
needed about the way ions accelerate from the plasma before impinging 
on the wafer surface. Therefore the knowledge of the ion velocity 
distribution function in the pre-sheath can give more insight into the 
transport of the ions from the plasma to the boundary surfaces. With 
Doppler Shifted Laser Induced Fluorescence (DS-LIF) is it possible to 
measure the velocity distribution function of ions. This chapter will 
discuss the principles of DS-LIF and the used experimental setup. 

5.1 Theory 

5.1.1 Doppler Shift 

The sound of an approaching train is different from a train just passed, due to 
the Doppler shift. The cause is a moving sound source to or from the receiver. 
As the source moves towards the receiver the time between two maxima in the 
sound wave is less than the time between the maxima of a sound wave of a non 
moving source. As a result the frequency of an approaching source is higher. The 
frequency will be lower when the source moves away from the receiver. The same 
effect will occur when the receiver is moving towards or from the source. In a 
formula; 

_ + Vsound - Vreceiver 
freciever - J 0 ' , 

V sound - V source 
(5.1) 

where Vx is the velocity of sound, the receiver or the source, fo the frequency 
of the source and !receiver the frequency measured by the receiver. For light the 
same principle is valid. For a moving light source with a non moving receiver the 
equation changes in: 

freciever == 
c 

fo · , 
C - Vsource 

(5.2) 
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where c is the speed of light. 

5.1.2 Laser Induced Fluorescence 

Laser Induced Fluorescence comprises radiative processes occurring when an 
atom or ion is exposed to laser light. The system experiences a transition from 
a low lying level (1), to a higher level (2), if the energy nv of the photons in the 
laser beam is tuned to the energy difference tlE between the two energy states, 
see figure ( 5.1). The excited system is deexcited by collisional or radiative pro-

2 

Figure 5.1: Transition 

cesses into possible substates labeled (3). A fluorescence measurement detects 
the photons released during the transition from (2) to (3). 
A schematic representation of a LIF experiment is shown in figure (5.2). The 

Figure 5.2: Laser Induced Fluorescence schematic 

laser light of a tunable dye laser of wavelength A£ is focused into the plasma. 
Fluorescence light of frequency AF emitted from the scatter volume is analyzed 
with a monochromator and photomultiplier with respect to frequency AFand in
tensity. To suppress the signal which is not induced by the laser, the laser beam 
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is chopped. A lock-in amplifier is used to detect the LIF signal. See figure (5.3). 
A higher intensity means a higher density of particles in state (1). Therefore 

Dye laser Pump laser 

Lock in Amp!. 

Figure 5.3: Lif Setup 

LIF can in principle be used to measure densities, although absolute values are 
difficult to obtain. In our setup the possibility of tuning the frequency of the 
laser is combined with LIF to measure velocity distributions. 

5.1.3 Doppler Shifted LIF 

The setup used in this investigation combines the Doppler shift theory with Laser 
Induced Fluorescence theory. The particles in energy state (1) will only excite 
to level (2) when the energy of the photons liv in the laser beam is exactly the 
transition energy .6.E. When a particle moves in the direction of the laser beam, 
it experiences a photon with a different frequency v due to the Doppler shift, and 
no excitation will occur. With equation (5.2) in mind it is easy to relate the shift 
in frequency .6.f needed to excite an ion with velocity Vian: 

freciever 

freciever - Jo 

.6.f 

Vion << c thus: 

.6.f fi Vion o·-, 
c 

.6.f 
Vi on 

A.o 

c 
fo · , 

C- Vian 

fo · ( c - 1) , 
C- Vian 

Jo. ( Vion ) ' 
C- Vwn 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

(5.7) 

(5.8) 

where A.0 is the initial wavelength needed to excite a non moving ion. By changing 
the frequency of the laser, it is possible to excite ions with a certain velocity in 



30 CHAPTER 5. DOPPLER SHIFTED LIF 

the direction of the laser beam. The dye laser used is very precisely tunable 
to a wavelength (± 200 MHz) with a very small bandwidth (500 kHz). The 
measurement of the fluorescence signal as a. function of the frequency of the laser 
beam can be interpreted as measuring the meta stable ion velocity distribution 
function. 

5.2 Experimental Setup 

5.2.1 The Argon System 

The purpose of this project is to measure the ion velocity distribution. Unfor
tunately this is not possible with our DS-LIF setup. The wavelengths needed to 
induce a groundstate ion to a resonant level are much smaller then the dye laser 
can produce. Our setup however, can induce metastable ions in the 3d12G'l state, 
due to the smaller energy difference between this metastable state and tKe reso-
nant 4p'2 F!L state. ion in the resonant state will deexcite to the lower 4s'2 D§. 

2 2 
level. The measurements done in this project are thus velocity distributions of 
metastable ions. The temperature of these ions is assumed to be the same as 
groundstate ions, because the metastable ion is created from a groundstate ion 
and lost by collisions. The interesting question, whether or not the velocity dis
tribution of meta stable ions is the same as groundstate ions, will not be answered 
in this thesis. 

5.2.2 Laser 

A computer controlled dye laser is used in the setup. The laser has its own 
frequency measuring device and is capable to move to any frequency in its range. 
It is also equipped with a scan device providing the opportunity to make a linear 
scan in frequency as function of time. The maximum length of a partial scan is 10 
GHz. It is possible to scan further but then the measurement will be interrupted. 
A computer program has been written to measure the several signals as a function 
of time. The scan is linear in time and the begin- and endpoint are fixed in 
frequency. So the time can be converted into the frequency. The laser also gives 
a signal of 5 V when it is busy with a 10 GHz scan. This signal is 0 when the 
laser is busy with changing to the next 10 G Hz region. This signal is measured 
and afterwards the data collected during the time that the laser was changing to 
another scan region, is cut out of the data file. The remaining data blocks are 
glued together and for example a ;)O GHz scan appears. 
\Vhen the laser beam propagates horizontally through the vessel, the velocity 
distribution can be measured parallel with respect to the electrode. The distance 
between the laser beam and the electrode can be changed. When the laser beam 
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propagates vertically through the vessel the velocity distribution can be measured 
perpendicularly with respect to the electrode. 

5.2.3 Detection Device 
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Figure 5.4: Ion Velocity 

0,0 

Perpendicular to the laser beam an optical system collects a part of the fluores
cence light. This system contains a lens which focuses the light from the scatter 
volume on a fiber. This fiber is interconnected to a monochromator which filters 
the light with respect to frequency. Then the light is transformed to an electrical 
signal by a photomultiplier. 
It is difficult to distinguish the signal of the fluorescence light from the ordinary 
light emitted by the plasma. The laser beam has therefore been chopped with 
a frequency of 300 Hz. The electric signal will also have this frequency and so 
the fluorescence signal can be split from the background light. As a result a plot 
like figure (5.4) is obtained. The DS-LIF signal n is small compared with the 
background signal N. The noiseS of the background signal, is proportional with 
the square root of the number of counted background photons: 

S=VN. (.5.9) 

For the noise of the DS-LIF signal s the same rule is valid: 

(5.10) 

In a lock-in amplifier the background signal which is measured in half a cycle is 
subtracted from the background signal with the DS-LIF signal, measured in the 
other half of the cycle. The result is the DS-LIF signal without the background 
signal. The noise of the output of the lock-in amplifier R, is then: 

R V (IV + n) + N = v2N + n. (.5.11) 
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The signal-noise ratio becomes: 

n n 
(5.12) 

In the used setup the parameters are the following: 
A background signal of 3 ·10-8 A, and a DS-LIF signal of 2 ·10-9 A. The efficiency 
of the photomultiplier is 15% and the gain of the photomultiplier is 1 · 106 • This 
means that for every photon arrived in the photomultiplier, 1.5 ·105 electrons are 
released. Therefore the number of photons arrived at the photomultiplier, can be 
calculated from the electric currents: 

F 

f 

3 . 10_8 C . __ 1-=---el~-= 
s 1.610-19 c 

2 
. 

10
_9 C . 1 el 

s 1.610-19 c 

1 ph 6 ph 
-1-.5-.-1-06::--::-el = 1.25 . 10 -s · 

1 ph = 8.3. 104 ph. 
1.5 · 106 el s 

(5.13) 

(5.14) 

(5.15) 

Where F is the number of photons per second, due to the background signal 
and f is the number of photons per second, due to the DS-LIF signal. The 
timeconstant of the lock-in amplifier is 3 seconds, and photon currents have to 
be multiplied by 3 to get the number of photons measured during one timestep. 
The signal-noise ratio S / R now becomes: 

s 
R 

8.3 . 104 . 1.5 
--;:;==::::=====,;:==:====::::::::::::==:=:==::;====:==::= ~ 45. 
v2 1.25 . 1o6 . 3 + 8.3 . 1o4 1.5 

This means that the noise is approximately 2 % of the signal. 

(5.16) 



Chapter 6 

Global Model 

For a better understanding of the physics going on inside a plasma it is 
useful to make a model. The results of the measurements can then be 
compared with the results of the model. In this chapter a global model 

similar to the model of M.A. Lieberman and R.A. Gottscho2 will be 
presented. In the next chapter the measurements will be compared 

with the results of the model. 

6.1 Introduction 

The presented model is zero dimensional and therefore it is called a global model. 
The electron temperature and the plasma density of the bulk plasma are calcu
lated as a function of pressure and of applied power. The basic idea of the model 
is that the charged particles, which are created by the electric field are lost by 
diffusion to the walls. Other loss mechanisms like recombination are neglected. 
This assumption will be discussed in chapter 8. 

6.2 Charged Particles Balance 

The mean free path for ionizing electrons, with energies of 15 V or more, is typi
cally comparable to the plasma dimensions. Hence the electron-neutral ionization 
rate Viz = Kiz · N, is expected to be uniform. The production of charged particles 
Pis: 

P = Kiz · N · no · 7r R 2 H, (6.1) 

where 1r R2 H is the volume of the plasma (R is the radius and H the height.), 
N is the neutral density, n 0 is the plasma density and Kiz is the ionization rate 
constant. See figure (6.1). 
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Figure 6.1: Electron-collision rate coefficient for ionization of argon neutrals 

The main loss mechanism is the flux of charged particles to the wall where they 
recombine. This loss of charged particles L is: 

(6.2) 

where UB is the Bohm velocity, nsH and nsR are the densities of the ions at the 
axial sheath edge and the radial sheath edge respectively. Furthermore, 2?T R 2 

and 2?T RH are the surface areas of the surrounding walls. The relation between 
the densities nsx and the density n 0 at the plasma center is complex. Lieberman 
and Gottscho2 present the relations hH and hR: 

where, 

1 
.\·---
z- N ' . IJi 

::::::: a.s6v H, 
3 + 2T-" • 

1 
(6.3) 

1 
::::::: a.sov , 

4 + R 
-\; 

(6.4) 

(6.5) 

the ion-neutral mean free path. In equation (6.5) N represents the neutral density 
and l7i the ion-neutral cross-section, which is approximately 1 · 10-18 m 2

. The 
neutral density N is a function of the pressure, Pr: 

N= Pr 
kT' 

(6.6) 

where k represents the Boltzmann constant and T the temperature of the neu
trals. Substituting the right hand side of equation (6.6) in equation (6.5) gives: 

(6.7) 
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Furthermore the neutral temperature is assumed at a constant value of 500 K. 
As a result the factors hR and hH become functions of the pressure only. Now 
the equation for the particle loss can be rewritten: 

(6.8) 

In a steady state situation, production of particles will equal the loss: 

Kiz(Te) · N(Pr) ·no· 1rR2 H = no· 'UB(Te) · (6.9) 
(27r R2hL(Pr) + 21r RHhR(Pr)). 

The ionization rate constant Kiz(Te) and the Bohm velocity uB(Te) are the only 
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Figure 6.2: Electron temperature as a function of the pressure 

parameters which depend on the electron temperature. Rearranging gives: 

1 

N(Pr)deJJ(Pr)' 

where 

1 RH 
deJJ(Pr) = 2. RhH(Pr) + LhR(Pr)' 

(6.10) 

(6.11) 

is an effective plasma size. Given a pressure and the size of the plasma (R and 
H), it is possible to solve equation (6.11) for Te, with Kiz(Te) shown in figure 
( 6.1) and the Bohm velocity according to equation (2.20) is: 

(6.12) 

where mi is the mass of the ions. The result is shown in figure (6.2). One can see 
that Te, in e V, varies over a narrow range between 2 and 5 electron volt for the 
used pressures. Furthermore one can conclude that with the assumptions made 
above, the electron temperature is not a function of the applied power. 
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Figure 6.3: Collisional energy Ec lost per electron-ion pair created 

6.3 Energy Transfer Mechanism 

The electrical power is coupled most efficiently to plasma electrons. Ions are too 
heavy to gain energy at the RF frequency. In the bulk plasma the energy is 
transferred from electrons to neutrals by three mechanisms: 

1. Elastic collisions. Due to the mass ratio between electrons and heavy par
ticles, the energy transfer Eel is very low. For argon: E 1 - 2

melectran · 'iT -
e - Mheavy 2 e -

1.6 · 10-3 
· Te, where Te is in electronvolt. 

2. Excitation. The energy transfer Eexc is at least the energy difference between 
the ground state and the first excited state: 11.97 e V. 

3. Ionization. The energy transfer Eiz is at least the ionization energy: 15.76 
eV. 

It is useful to define a collisional energy Ec, lost per electron-ion pair created in 
the system. For single-step, electron-impact ionization: 

(6.13) 

where Eiz, Eexc and Eel are the energies lost by an electron as a result of ionization, 
excitation and elastic collisions, respectively. The energy Ec is lost when the 
electron-ion pair is subsequently lost. Note that for simplicity all excitation 
channels are lumped into one effective channel characterized by energy Eexc· In 
addition to collisional energy loss, electrons and ions carry kinetic energy to the 
walls. For Maxwellian electrons, the mean kinetic energy lost per electron is 
Ee = 2Te. The mean kinetic energy lost per ion is Ei, which is mainly due to 
the DC potential across the sheath. Equation (2.10) gives a relation between the 
voltage difference between the glow and the insulating surface, as a function of 
the electron temperature when the bias is zero. For argon gas this yields: 

Ei = e. ("V;Iasma - Vj) = 5.18Te, (6.14) 
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where V1 is the voltage of the insulated surface. Summation of the three contri
butions yields the total energy loss per electron-ion pair lost from the system (in 
electron volt): 

(6.15) 

6.4 Energy Balance 

In a steady state, the power dissipated into the plasma will equal the power lost 
due to particle transport to the wall. Comparing the dissipated power with the 
loss terms, results in: 

(6.16) 

where Pabs is the power absorbed by the plasma. The density n0 can then be 
calculated: 

(6.17) 

where the effective area is: 

(6.18) 

35 

Pressure [Pa] 

Figure 6.4: Plasma density as a function of the pressure 

As a result one ca.n see that the plasma density n0 is a function of the applied 
power Pabs, the electron temperature Te ( Pr), and the pressure Pr. The electron 
temperature however, is directly related to the pressure, see figure (6.7). As a 
result, the plasma density is a function of the absorbed power and the pressure, 
see figure (6.4). In this figure the 200 Watt generated by the RF source, is 
multiplied by the efficiency of power absorption, measured as a function of the 
pressure. See figure (6.5) and section 3.2.4. 
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Figure 6.5: Efficiency of the power coupled into the plasma 



Chapter 7 

Results and Conclusions 

7.1 Introduction 

The Langmuir Probe measurements have been done under two different circum
stances. The first measurements where done with a plasma totally surrounded 
by insulated walls. During a single probe measurement, the only grounded area 
in contact with the plasma, was the second probe tip which was not used for 
the single probe measurement. Due to this, the electron retarding section of the 
single probe curves, is not reliable. The electron flux to the used probe tip could 
not be compensated by the smaller ion flux to the grounded probe tip. The ion 
saturation current however, was correct. The ion flux to the used probe tip could 
easily be compensated by the larger electron flux. As a result only the ion satu
ration region of the fit has been used. This part of the curve is only a function 
of the plasma density. The absence of grounded area had no influence on the 
double probe curves because the circuit of a double probe is closed. Therefore 
the double probe curves could be used to derive the electron temperature. 
To measure the electron temperature with a single probe, a grounded area has 
been inserted into the plasma. In this new situation, single probe curves have 
been measured. In the legend of the figures, grounded (GND) refers to a plasma 
in contact with grounded area, not grounded (not GND) refers to the insulated 
variant, SP refers to single probe and DP refers to double probe measurements. 

7.2 Electron Temperature 

7.2.1 Te as a function of the pressure 

Result: 
The electron temperature obtained by single and double probe measurements, 
decreases with increasing pressure. See figure (7.1 ). With equation (6.9) in mind 
this is what is expected. The neutral density N( Pr) increases proportional with 
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Figure 7.1: T e as a function of the pressure 

the pressure. To satisfy equation (6.9) the ionization rate constant Kiz(Te), has 
to decrease. In figure ( 6.1) one can see that the electron temperature decreases 
with decreasing Kiz· The other parameters like the Bohm velocity uB(Te) and 
the correction factors h x ( Pr) are changing less significantly as a function of the 
electron temperature and pressure respectively. 
Conclusion: 
The very simple global model, describes the electron temperature very well as a 
function of the pressure in the used pressure range. 

7 .2.2 Te as a function of the power 

• 

Pt=2 Pa. 

100 300 400 500 

Power [Watt] 

Figure 7.2: Te as a function of the power 

Result: 
The electron temperature is not a function of the applied power. The model 
matches the measurements very well. 
Conclusion: 
The assumption that the power input has no influence on the electron tempera
ture, is correct for these applied powers and pressures. 
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7.2.3 Te as a function of the distance to the wall 
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Figure 7.3: T e as a function of the distance to the wall, 7 Pa 

Result: 
The electron temperature is not depending on the distance to the wall, in the 
range of the used pressures and powers. The mean free path of the electrons is 
1.38 m and 2 em for 0.1 Pa and 7 Pa respectively, see equation ( 4.1) The height 
of the plasma is 3.8 em. Even with a pressure of 7 Pa, an electron traveling from 
one side of the plasma to the other, will only collide approximately 1 time. With 
such a few collisions, the electron keeps its energy and as a result the electron 
temperature will be constant as a function of the distance to the wall. At higher 
pressures, and decreasing mean free paths, the electron temperature is expected 
to change as a function of the position in the plasma. 
Conclusion: 
The electron temperature is uniform in the plasma due to the large electron mean 
free path. 
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7.3 Plasma Density 

7.3.1 Ne as a function of the pressure 

Result: 
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Figure 7.4: N e as a function of the pressure 

The plasma density increases with a increasing pressure. With equation (6.17) 
in mind one can understand what happens. All the factors in the denominator 
of equation (6.17) depend on the pressure or electron temperature. The Bohm 
velocity for example, is proportional with the square root of the electron tem
perature. For increasing pressures the electron temperature decreases and as a 
result the Bohm velocity decreases. The effective area Aef J also decreases with 
decreasing electron temperature. Only the energy loss f.£ increases with increas
ing electron temperature. The net effect is presented in figure (7.4). 
The second result is that the simple global model gives the correct tendency of 
the curve. 
Conclusions: 
The plasma density increases with increasing pressures, for the used pressures 
and powers. The global model corresponds to the measurements within 30%. 

7 .3.2 N e as a function of the power 

Result: 
The plasma density increases with increasing absorbed power. The model corre
sponds to the measurements within 25%. 
Conclusions: 
The extra energy absorbed by the plasma when the power input is increased, is 
used for production of extra charged particles. As a result the plasma density 
increases and the electron temperature remains constant. 
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7.3.3 Ne as a function of the distance to the wall 

Results: 
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Figure 7. 6: N e as a function of the distance to the wall 
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The plasma density decreases from the center of the plasma to the walls. The line 
graph represents the plasma density obtained by emission measurements. These 
measurements are relative measurements, and they have been multiplied by a 
scale factor to make them absolute. The density profiles are in good agreement 
with each other. 
Conclusions: 
A density gradient is present in the plasma. This means that there will be a flux 
to the wall. In the next section this flux will be discussed further. 
The results of the Langmuir probe measurements are in good agreement with the 
results of the emission measurements 
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7.4 Ion Velocity Distribution 

7 .4.1 Bohm Velocity 
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Figure 7. 7: Ion velocity distributions, 400 Watt, closed circles: 0.5 Pa, open 
squares: 4 Pa 

Results: 
The presented ion velocity distributions in figure (7. 7) are obtained by DS-LIF 
measurements. The applied power is 400 Watt and the pressures are: 0.5 Pa for 
the filled circles and 4 Pa for the empty squares. 
The Bohm velocity approximated with the DS-LIF method is: 
Pressure 0.5 Pa: 'UB = 4.5 km/s. 
Pressure 4 Pa: 'UB = 3.3 kmjs. 
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"Where the assumption is made, that the velocity measured at 0.5 mm from the 
wall is the Bohm velocity. 
Unfortunately no probe measurements have been done at pressures of 0.5 Pa and 
4 Pa, at a power of 400 Watt. However at 200 \Vatt these measurements have been 
done. With figure (7.2) in mind one can assume that the electron temperatures 
are the same as for 400 Watt. These numbers were used for calculating the Bohm 
velocity with equation (2.20), 
Pressure 0.5 Pa: UB 3.4 kmjs. 
Pressure 4 Pa: UB 2.5 km/s. 
The Bohm velocity obtained by DS-LIF results are both 30 % larger then the 
probe results. \Vith the large error of the Langmuir probe measurements it is 
surprisingly that the factor is 30% for both pressures. 
The velocity distribution at 0.5 mm from the wall, contains a tail at the fast ion 
side. This tail is due to the acceleration of metastable ions in the sheath. 
Conclusion: 
The DS-LIF measurements and the Langmuir Probe measurements, give the same 
values for the Bohm velocity within the accuracy of the methods. 
The ions which are accelerated in the sheath are present in the fast ion tail of 
the velocity distribution. 

7.4.2 Energies and Temperatures of Metastable Ions 

Results: 
The shift of the peak of the distribution profile in :figure (7.7) gives the mean 
velocity of the metastable ions. This velocity is presented in figure (7.8 c) as the 
mean energy, parallel to the direction in which the ions are accelerated. The ions 
are accelerated towards the wall, and they gain energy. One can see that at higher 
pressures, the ions gain less speed. This is due to a lower electron temperature, 
which results in a lower Bohm velocity. 
The width of the distribution gives the temperature of the metastable ions. The 
temperatures of the metastable ions are measured parallel and perpendicular to 
the direction in which they are accelerated. The temperatures are presented in 
figure (7.8 a and b). One can see that the temperature of the ions in the perpen
dicular and parallel, direction increases as the ions move to the wall. This is due 
to the collisions which occur in this region. During these collisions, the directed 
velocity of the ions, is converted in random velocity. A higher random velocity 
means a higher temperature. One also can see that this process is stronger at a 
higher pressures, due to the higher neutral density. 
Unfortunately, no ion density measurements have been done at plasmas of 400 
\Vatt, 0.5 Pa and 4 Pa plasmas. Therefore it is not possible to compare the 
spatial dependence of the density and of the velocity. 
Conclusions: 
The temperature in the directions perpendicular and parallel, to the acceleration 
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increases due to collisions. This effect is stronger at higher pressures, because 
more collisions will occur at a higher neutral density. 
At higher pressures, the ions gain less speed in the pre-sheath, due to a lower 
electron temperature, which results in a lower Bohm velocity. 
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Chapter 8 

Discussion and 
Recommendations 

This chapter will deal with some assumptions made in preceding chap
ters. It also gives an error analysis of the Langmuir probe and some 
recommendations about probe design. 

8.1 Langmuir Probe Measurements 

8.1.1 Probe Electronics 

An error has been made in the electronics of the probe. The voltage difference 
is not measured between the probe tips but between the two connections of the 
voltage supply. This causes an error in the voltage which is equal to the current 
through the system multiplied with the resistance of resistor R6, see figure ( 4. 7). 
The current measured is correct, but the voltage at which it is measured, is wrong. 
For the plasma density, the current in the ion saturation region is important. In 
this region the current is about 4 rnA. The resistor R6 is 1KD. The error in the 
voltage, therefore, is 4 volt. The curve in this region, however, is very fiat. The 
steepness is approximately 1.2 · 10-2 rnA per volt. For an error of 4 volt, this 
means an error of 5 · 10-2 rnA, which is neglectible in comparison with the signal. 
The electron temperature, however, is calculated with the steepness ofthe double 
probe curve around zero. This steepnes is about 1 rnA per 10 volt. The equivalent 
resistance measured, Re,meas, is then 10 KD. The real voltage is: 

V,.eal = Vmeas +I· 1KD, (8.1) 

where V,.eal is the real potential difference between the probe tips, Vmeas is the 
potential difference measured and I is the current. Calculating the equivalent 
resistance again: 

R = "Vr·eal = Vmeas +I. 1!{!1 R I/!1 
e I I = e,meas + 1 \ , (8.2) 
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with Re,meas the measured equivalent resistance. This means that the relative 
error made in the electron temperature is: 

Error in T,- , 
~ Re,meas + 1K!1 

lOK 
lOK + lK ~ o.go. (8.3) 

As a result one can conclude that the relative error in electron temperature due 
to the mistake in the design of the electronics, is about 10%. 

8.1.2 Probe Error Analysis 

The error in the electron temperature and plasma density can be accredited to 
several causes. 

1. The length and radius of the probe tips where measured with an inaccuracy. 
The dimensions are: Length: 3.9 ± 0.05 mm, radius: 0.4 ± 0.05 mm. This 
means that the area of the probe, used in the formula, has an error of: 
12%. 

2. The measurements of the dimensions, are obtained by room temperature. 
In the plasma the temperature is about 500K. The stainless steel tube has 
an expansion coefficient which differs from the tungsten wire. The tungsten 
wire is fixed to the tube at the side of the bellow. Assume that the average 
temperature is 400 K, over the 30 em long tube. Then the tube and the 
tungsten wire both expand. The difference the coefficient will give an 
effective different probe tip length. The coefficients are: 
4.5 · 10-6 J<-1 for tungsten and 10 · 10-6 J<- 1 for stainless steel. This gives 
an absolute error probe tip length of: 

4'5) . 10-
6 

· (400K- 300K) 0 1'"' ]{ . tmm. (8.4) 

Therefore the error in area, due to gas temperature difference, is .5%. 

The current collected by probe is proportional with the probe area. An error 
in the probe area will induce an error in the current. An approximation of the 
overall error of the electron temperature is: 
10% due to the design mistake and 17 % due to the error in the probe tip area. 
This yields a total error of: 27%. 
An approximation of the overall error of the plasma density is: 
17% due to the error in the probe tip area. 
In these error approximations, the error in the model is not taken into account. 
In literature one can find equations for the ion current which differ by a factor 
of 20%. The error induced by the disturbance of the plasma by the probe is also 
neglected. 
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8.1.3 Probe Design 

A lot of trouble occurred during measurements, due to deposition of metal on 
the probe. The glass capillaries where coated with metal. \Vhen the tungsten 
wires made contact with the the effective area was instantly larger and this 
resulted in a jump in the measured curve. Another possibility was that the probe 
tips where short circuited by the deposited metal. This results in measuring 
the resistance of the metal and the plasma, instead of the plasma resistance. 
\Vith a new probe design it is possible to avoid these troubles. A spring inside 
the glass capillaries can avoid contact between the tungsten wire and the glass 
on which will be deposited. Furthermore, between the glass capillaries another 
insulator can be placed, deeper inside the tube. The effective area which has to 
be deposited, to create a short circuit, is then larger. A short circuit is then not 
expected anymore. 

8.1.4 Disturbance of the Plasma by the Probe 

The big disadvantage of probe measurements is that the probe has to be inserted 
into the plasma. Therefore it is assumable that it will disturb the plasma. It is 
very difficult to calculate the disturbance in plasma density and electron temper
ature. But a few remarks can be made: 

1. The Debye length is in the order of 30 pm. The influence of the potential 
difference between the probe and the plasma will therefore vanish in a few 
Debye lengths or a few tenths of mm. 

2. Single probe measurements disturb the plasma more than double probe 
measurements because larger currents are collected with single probe mea
surements. Comparing the electron temperatures obtained by single and 
double probe measurements, one can conclude that this influence is not 
very large. 

3. The DS-LIF measurements show that there is a pre-sheath of several mm 
in the plasma. This means that small electric fields can exist in the plasma. 
In contradiction with statement 1, one can conclude that the influence of 
the probe is indeed not limited to a distance of a few Debye lengths. 

An overall conclusion is difficult to make. The results of the probe measurements 
match very well with emission and DS-LIF measurements, where no probe was 
inserted into the plasma. Therefore one can conclude that the influence of the 
probe to the plasma is not neglectible, but it is neither catastrophic. 
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8.2 DS-LIF Measurements 

8.2.1 Velocity Distribution of Metastable Ions 

The aim of the study is to investigate the velocity distribution of the argon 
ions. The DS-LIF measurements however, give the velocity distributions of the 
metastable ions. The question: 'To what extent are these distributions the same', 
is very interesting but also difficult to answer. A few remarks, however, can be 
made: 

1. The mean free path of the ions is 1.5 mm at a pressure of 4 Pa. By 
collisions, metastable ions are deexcited to ground state ions. In the pre
sheath, however, metastable ions are measured. They must thus have been 
created the pre-sheath. 

2. No zero component is measured in the velocity distribution. This means 
that the particle which is excited to the metastable state, is accelerated 
before. Which means that the main production process is: 

(8.5) 

and not: 

(8.6) 

which would imply the measurement of zero parallel velocity ions. As a result 
one can conclude that the ion velocity distribution is directly related to the 
groundstate ion velocity distribution, and that this distribution also contains no 
zero parallel velocity ions. 

8.3 Global Model 

8.3.1 Loss Mechanism 

The global model only takes one loss mechanism of charged particles into account, 
i.e. the loss of particles to the wall. Another well known charged particle loss 
mechanism is recombination. The ratio of the losses due to the two mechanisms 
is calculated in this section. 
Particle loss by diffusion to the wall: 
Equation (6.2) gives an expression for the particle flux to the wall: 

(8.7) 
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vVith often used plasma parameters, one obtains a loss of 4 · 1018 particles per 
second. 
Recombination: 
vVith plasma dimensions and plasma density as above, and a recombination 
coefficient5 which is in the order of 6.2 ·10-12 m3s-1 , one obtains a loss of 4.5 ·1014 

particles per second. 
Comparing the losses: 

4.5. 1014 

4. 1018 
1.1. 10-4 . (8.8) 

As a result one can conclude that neglecting the recombination process in the 
particle balance, is a valid assumption. 
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Appendix A 

Electron and Ion Currents and 
Potential Differences 

Electron current 

Let Vprobe be the voltage of the probe. The area of the sheath around the probe 
is As and the flux of electrons is r e. 

efeAs 
neVe A 

e-4- s 

1 J8kTe (-e(Vplasma- Vprobe)) A e-n00 -- • exp s 
4 1fffie kTe 

Assuming that the velocity distribution of the electrons is Maxwellian; 

_ ( -e(Vplasma - Vprobe)) 
ne- nooexp kT . 

e 

and 

See reference 1. 

Ion current 

(A.1) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

The current of ions has a directed velocity towards the probe (due to the presheath) 
of: 

(A.6) 
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from the Bohm criterion. 
A simple analysis gives J; = enivil1s where n; and vi are the density and the 
velocity at the sheath boundary. 

Vi = {kf. e and ni '11c" exp v-;;;: (A.7) 

The potential of the sheath boundary is known. Since the ions have been accel
erated to get an energy of ~kTe, the potential must be ~kTe lower than Vplasma 

and therefore, 

( -e(~~)) ni sheath boundary = noo exp kTe 

This gives an ion current of: 

Potential difference between the plasma and a floating object 

Since le = Ji at floating potential; 

n 00 f!!:Te A = 1 
C r;:; I~s 

ye m; ( ·exp 
e 

Rearranging results in: 

(
-e(iJ;Jlasma- Vprobe)) 

exp k . 
Te 

Taking the logarithm gives; 

1 (
..j27rme) _ -e (11 T/ ) 

n emi - kTe ~plasma - ~probe . 

(A.8) 

(A.9) 

(A.10) 

(A.ll) 

(A.12) 

With m;=J.L· me· 1836, where J.L is the mass in atom mass units, and rearranging; 

11 17 _ kTe (~ln (1836 ·e)+ ~ln( 11 ).) ~plasma - ~probe - r 
e 2 27r 2 

(A.13) 

kTe ( 1 ) e 3.34 + 
2 

ln(J.L) . (A.14) 
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Technology Assessment 

Because of the continuous demand for faster computer chips, advanced production 
technologies are needed. This has led to improved etching plasma reactors. As 
a result a new generation of plasma systems has to be investigated. In the new 
plasma reactors, the power is coupled inductively into the plasma rather than 
capacitively. The advantage of this new technique is that the ion bombarding flux 
can be controlled independently of the ion acceleration energy. In this project the 
change in velocity distribution of the impinging ions is investigated. This gives 
more insight in the physics going on in the etch reactor. With this knowledge it 
is possible to optimize the production of integrated circuits. 
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