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1. PLASMA TECHNOLOGY - INTRODUCTION 

Dr. Daniel C. Schram, Professor of Physics at the Eindhoven 

University of Technology, The Netherlands. His principal in

terests range from low density plasmas as used in plasma 

etching, plasma deposition, moderately dense magnetized plas

mas, to high density (super) atmospheric arc physics. 
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Plasma as a medium for processing 

Daniel C. Schram 
Department of Physics, Eindhoven University of Technology, 
Eindhoven, The Netherlands 

A general introduction to two subsequent plasmacourses: 

1. Course on thermal plasmas 
2. Course on low pressure plasmas 

1. Introduction 

Plasmas are increasingly used for processes to modify 
surfaces, for chemical processing, and to cover surfaces with 
specific layers. To illustrate the specific use of plasmas we 
will first briefly list several applications, and to arrive at 
some specific characteristic features of plasma processing. 

l.a. Examples of plasma treatments 

The applications can be roughly divided into three classes: 

l.a.l. Volume chemistry 
l.a.2. Surface modification 
l.a.3. Heating and acceleration of particulate matter 

l.a.l. In Volume Chemistry the plasma is used to enhance the 
reactivity in the medium. In normal chemistry this is achieved 
by increasing the temperature and pressure. As a consequence 
particles with a higher energetic state are produced, which 
serve as intermediate in the chemical reaction. If the 
chemical process is exothermicpth8n energy is produced whence 
the reactions are started and the temperature is kept high by 
the process itself. In this case the initial temperature rise 
is only required to start the process which can be explosive 
if the energy input by the reactions is larger than the energy 
loss. A pertinent example is the diesel-engine. 
In endothermic processes energy has to be added to compensate 
for the increase in internal energy and for the energy loss. 

In these processes the reactivity of the medium can be 
determined on the basis of chemical equilibrium 
considerations, a situation which is usually not present in 
plasma chemistry. Here, the reactivity of the medium is 
artificially enhanced above the level at the prevailing heavy 
particle temperature by the use of a discharge. A pertinent 
example is the production of ozon in ozon-synthesis apparatus. 
A well known method is the use of a (negative) corona 
discharge. 
It will be clear, that here the emphasis will be to reach a 
high specific reactivity, i.e. reactivity per unit volume at a 
minimum of electrical energy. The reactivity can be 
characterized by the number density of radicals .. A radical is 
defined as a particle which has a larger internal energy than 
the gas particles present at normal conditions. 
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So, in this definition the nitrogen atom: N is a radical in a 
nitrogen molecules gas. Other examples are oxygen atoms, 
nitrogen oxyde NO, etc. in air atmosphere. 
The number density, i.e. the number of particles per unit 
volume, of radicals is directly related to the specific 
reactivity of the medium. If this number density is not in 
chemical equilibrium then kinetic models have to be used to 
calculate the reactivity of the medium. 

1.a.2. The second application area is surface modification. 
Here the surface of a substrate is modified. Reasons may be 
deposition and etching of several layers of different 
materials on substrates, the alteration of the surface to 
allow adhesion, the hardening of surface layers and to improve 
corrosion resistance of the substrate. In many of these 
applications it is essential that the temperature of the 
substrate can be controlled and be much lower than the 
temperature needed for the reaction. So the plasma serves here 
to provide the reactive gases and so to promote the chemical 
reaction on the surface whereas the substrate may remain cold. 
We will list here several examples of such surface 
modifications. 

- cleaning of the surface 
It can be important to release from the surface adsorbed gases 
and to remove any impurities from the surface. This can be 
achieved by using plasmas, in the so-called discharge cleaning 
technique. Usually the surface to be cleaned forms a part of a 
electrode; if it is an isolator a RF discharge is 
advantageous. Depending in the application the process 
effectivity can be varied, by proper choice of power density 
in the plasma and the employed filling pressure. 

- wetting of the surface 
For some applications it may be necessary to provide a 
wettability of a surface made of smooth material. This may be 
necessary for writing (bank cards) or to improve adhesive 
properties. 

etching 
Another important technique of this second class is the so 
called dry etching of surfaces. This is an attractive 
alternative for the wet etching techniques and has several 
additional features. An important advantage is the 
possibility of anisotropic etching, i.e. vertical etching and 
no horizontal etching. Another important item is the 
selectivity of the etching process. One substance must be 
etched (e.g. SiO 2 ) whereas the other exposed substances must 
remain intact (e.g. photoresist, Si). Both items are of great 
relevance in (sub)micron technology. 
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1---------1 wafer II RF electrode 

RF 

Fig.l. Schematic view of a single wafer etch apparatus 

deposition 
With plasmas it is also possible to deposit layers of all kind 
of materials on substrate,. Plasma assisted chemical vapour 
deposition (PACVD) may be a good alternative to the well known 
chemical vapour deposition (CVD)-methods. Advantages are 
controllable substrate conditions, pressure, large freedom in 
choice of materials. Also the morphology of the layer can be 
influenced by the plasma and substrate conditions. Amorphous 
hydrogenated, polychrystalline etc. are possible. This 
technique is also of significance for sub-micron technology. 
Other important applications are a.o. solar cell fabrication, 
single mode glasfiber production (with profiled index of 
refraction), corrosion- and wear resistent layers. 

polymerization 
is the procurement of layers of polymers. 

materials and under specific conditions 
the surface takes place during the 
A polymer layer the result. These 

being used in the optical and electronic 

A related process 
With appropriate 
polymerization at 
deposition process. 
techniques are a.o. 
industry. 

boriding, carbonizing, nitriding 
With the diffusion of several kinds of atoms into the surface 
of a substrate its surface properties can be changed. Well 
known examples are the hardening of steel by carbon or 
nitrogen. Also here plasma assisted techniques offer an 
attractive alternative for convential technologies. 
They also have the advantage of a clean process. 
trIonitriding", Le. nitriding by plasmas, is already used a 
long time. By the availability of new plasma techniques, the 
larger freedom of choice of materials and by conditioning, 
also here a further development is to be expected. 

General features of surface modification processes are: 
the fluxes of radicals, atoms and ions to the surface, the 
relation of these fluxes to the number densities in the 
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plasmas and the discharge parameters. Also the surface 
condition, the absorbed layers, surface damage, are pertinent 
problems in this area. 
often limits are imposed to the fluxes of particles which 
eventually determine the rates of the processes, deposition 
rates, etching rates. This may be related to the surface 
conditions and adsorbed layers, to induced photon-damage or to 
the demand of anisotropy of the process. 

1.a.3. Surface covering, joining, cutting, wetting. 
In this third subclass of plasma procesing the plasma is 
primarily used to provide heat and momentum. The reactive 
properties are of less importance; the plasma is a source of 
heat, to melt the material. 
Plasmaspraying is one of the major applications here. 

gas anode (a) 

~~~'//~/% 
( 

~///./'l/p~//plasma/./ 
~///,//~/~ 

cathode (c) 

watercooling 

Fig.2. Schematic view of a plasma gun used for plasmas 
spraying 

hydrogen, nitrogen) is 
the resulting plasmajet 
K and velocities of 400 

In the plasma gun, gas (argon with 
ionized, heated and accelerated. In 
with temperatures in excess of 10.000 
m/sec,spray particles are introduced. 
These particles are accelerated and heated to the melting 
temperature during the distance to the substrate. They are 
finally splashed Onto the surface and adhere by subsequent 
processes in the droplet and substrate. At first sight this 
process resembles plasma deposition, but it is quite different 
in procedure, process and result. In plasma deposition the 
layer is deposited atom by atom, whereas in plasmaspraying 
particulate matter of typically 50~ size is sprayed as a whole 
on the surface. 
Plasmamelting is another important example. Here plasmaguns 
are used which are similar in principle to the one described 
above. Again heat is used to melt the material and momentum is 
used to transport the energy away from the source. other 
examples are plasma cutting, welding. 
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lJ 
~ transferred 

~ arc 

?3 
~ 
~ a 

metal (melt) 

Fig.3. Schematic 
used for plasma 

view of a plasma gun and a transferred arc 
melting. 

Another related area is plasma spectrochemical analysis. Here 
there is a chemical use of the internal energy of the plasma 
for the ionization and excitation of the 

RF 

coil 

I 
t't t 

. plasma gas 

aerosol with analyte 

Fig.4. Schematic view 
spectrochemical analysis. 

of an rcp plasma used for 

material to be analysed. However, the relative content of the 
sample in the plasma is small and the primary use of the 
plasma is again as a source of energy and momentum. One of the 
most important designs is the so-called Inductively Coupled 
Plasma (rCP). This has the advantage of clean operation and is 
also potentially useful for preparational techniques as plasma 
deposition. 

To summarize, we have: 
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l.a.l. Volume chemistry 

reactant ~ produced 

gas_::"-:"-:"-I-:!:~~ gas a~ 

important parameters: Fig. Sa 
-volume of the plasma 
-specific plasma reactivity 

number density of radicals 
(a.o. free atoms, ions, electrons) 

-flow, throughput 

1.a.2. 

ions • 
radicals 

--I\.f\/V\r+ 
neutrals 

~ 

-fluxes to substrate Fig.5b 
-directionality of ion fluxes 
-determined by power, pressure, flow 

l.a.3. Surface covering and melting 

gas 

-energy flow/content 
-temperature 
-momentum/velocity 

Fig.5c spray particles 

determined by power, pressure, flow 

l.b. Why the use of plasmas 

substrate 

b) 

substrate 

c) 

From the quoted examples of plasma treatments it is evident 
that the primary reason of the use of plasmas is the provision 
of a high temperature. Of course a high temperature does not 
necessarily require a plasma. In fact usually the plasma 
electrically heated and this may not be the cheapest form of 
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energy. 
Special advantages accompany the use of plasmas; generally 
plasma processing can be done in relatively small units 
without increasing the price significantly. More important is 
the large specific reactivity achievable in plasmas. This 
relates as well to reactivity per unit volume as per particle 
(atom or molecule). The reactivity is usually determined by 
the electron temperature, Te ' which does not need to be in 
equilibrium with the heavy particle temperature. In most 
discharges Te is in the range of a few eV* (leV ~ 11.600 K), 
whereas the heavy particle, or gas temperature is close to 
ambient temperature. Even though, particularly at low 
pressure, the system is not in chemical equilibrium, the 
reactivity is appreciably higher than the one of a gas at the 
gas temperature. So even though the reactivity is usually 
lower than the one in chemical equilibrium at the electron 
temperature, the reactivity is very large since Te is high. 
This is probably the most pertinent advantage of the use of a 
plasma. 

This feature enables one to have a high reactivity without 
necessarily the associated bulk heat content of a system in 
chemical equilibrium. The background gasparticles which may be 
the majority may have a low temperature and also the density 
of the background gas can be low. The latter has a definite 
side advantage for e.g. deposition where the ambient pressure 
may be an important parameter. 
Another related quality of plasma assisted methods is, that 
the temperature of the substrate to be treated or covered can 
be low. An independent variation and control of the substrate 
temperature is of importance to improve the quality of the 
product, e.g. the adhesion of deposited layers. 
A. definite advantage of plasmas is the large freedom of choice 
of materials. The easiest form of introduction of the desired 
materials is in gaseous form and though there are limitations 
here still a large variety is possible. But the material can 
also be introduced as a liquid in droplets or aerosols, or as 
a solid by sputtering or vaporization. 
A lot of attention is paid to the material efficiency in 
plasma processing. 
In some cases hazardeous or environmentally problematic 
materials and/or products have to be dealt with. Then the high 
reactivity per particle (atom or molecule) is an advantage as 
this tends to improve the material ficiency and to reduce 
environmental waste production. However, as the plasma is a 
nonequilibrium system careful modelling and testing is 
required to optimize the system also for this aspects. 
Finally the achievable quality of the product is one of the 
major reasons to use plasma assisted technologies. Again, to 
optimize, skillful handling and careful treatment on the basis 

*The unit eV is commonly used in plasmachemistry. 
leV ~ 11.6000 Kelvin. The unit eV can also be us~~ 
as energy unit; then it is aequivalent to 1.6 10 9 Joule 
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of models and diagnosis helps to obtain the best achievable 
quality. 
In the subsequent lectures one will touch in detail many of 
the mentioned aspects of plasma treatments. 

l.c. Plasma appearances 
Depending on the power density absorbed by the plasma, on the 
type gas used and on the discharge geometry the plasma 
appearance shows a wide variety. The type of gas is of great 
influence as the atomic and molecular processes depend on it. 
As electrons and ions must be produced by ionization it is 
evident that ionization potential, and the reaction rates for 
these processes determine partly the plasmaparameters and the 
plasmacomposition. As loss of electrons has to be compensated 
for by sufficiently fast production a minimum electron 
temperature is required. A reasonably first guess for this 
important quantity is 1/4 of the ionization potential at low 
pressures down to lila or lower at high pressures. 
As the ionization potential differs for many gases also Te 
will vary. In part also dependent on the power density are the 
electron density, ne ' and the ionization degree, nelng here 
defined as the ratio of electron density and gas density, ng . 
In the second section we will argue that characterization of 
the plasma by ne and n In is a good guide in plasma 
chemistry. e g 
Other important factors which determine the plasma appearance 
are the discharge geometry and the way the power is applied to 
the plasma. We will limit ourselves here to electrical 
discharges. One can distinguish between DC, RF and microwave 
discharges. 

Tabel 1. 

typical values for 

current ne ne/l!ig p 
D.C. discharges type dens.tty 

Townsend discharge 10-1 A/m2 10 14 1m3 10-7 

3 10-4 
positive column 10 A/m2 1017 1m 
normal glow around 

abnormal glow 103 A/m2 10 18 1m3 10- 3 10-3at 

medium pressure arc 106 A/m2 10 19 1m3 10-2 

atmospheric arc 10 7 A/m2 1023 1m3 j: 1 at 
------------------- ---{-----!r ----S---;r -~;=r --:.1------
Penning discharge 10 Aim 10 1 1m 10 Torr 

magnetron discharge 104 A/m2 10 18 1m3 10-4 1 Torr 

magnetized arc 106 A/m2 1020 1m 3 1 10-3 Torr 

Electrode design very important and needs much attention. 

RF discharges 
RF plasmas depend primarily on the applied frequency; one uses 
low frequencies (10kHz IMHz), intermediate frequencies 
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(13.6, 27.2, 54.4 MHz) and ultra high frequencies (UHF~ 100 
MHz and higher). 
At lower and intermediate frequencies usually capacitive 
coupling is employed. RF discharges have the advantage above 
D.C. plasmas, that also insulating substrates can be treated. 

a) 

RF 

Fig.6a. Capacitative coupling 
(single wafer etcher) 

~ 
~~ 
~~ 
~ ~ ~ » 

~ 

Fig.6b. Inductive coupling 
(IeP-plasma) 

b) 

\ 
RF 

/ 

In fact, potentials are built up which are important for 
directional (anisotropic) etching. The potential can be varied 
within certain limits by 
variation of the discharge geometry, e.g. larger or smaller 
electrodes, pressure and power. 
At intermediate and higher frequencies also inductive coupling 
is employed. As shown in fig.6b it can be constructed such 
that the plasma is only bounded by glasswalls. 
This enables very low levels of impurities as metals (smaller 
than ppB) which makes it suitable for plasmaspectrochemistry 
and for critical preparative applications. 
Also microwave plasmas are used. They also can be dimensioned 
such that no metal walls surround the plasma. They usually 
burn stable and show somewhat higher electron densities than 
comparable RF discharges. 
Finally, the corona discharge should be mentioned as a special 
case. At one electrode, field amplification is achieved by 
using either sharp needles or thin wires with very small radii 
of curvature. At that electrode rather high field strength 
exist, also because a large potential difference applied 
(several kV). 

field 

ground electrode 
ground electrode 

Fig.7. Corona geometries: a) point-plate, b) wire plate. 
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The needle or wire can be either positive or negative (resp. 
positive and negative corona). In the latter one a repititive 
discharge may exist (the so-called trichel pulses) especially 
in electronegative gases. In coronas large spatial and 
temporal variations in plasma density occur and these plasmas 
are difficult to classify. 

Finally, the influence of the chemical processes, either in 
the volume or at the wall should be mentioned. They may 
influence the composition, the electron temperature, and give 
rise to negative ion formation. Also the importance of 
electrodes has already been referred to; it is also an 
important item in reliability considerations. 

l.c.2. Some essential characteristics 
It will be clear from the foregoing that a primary feature of 
plasmas is the presence of charged particles. As ionization in 
the majority of cases is primarily induced by electron 
collisions, electrons are the key characteristic even in very 
weakly ionized gases. It has already been stated that the 
presence of electrons leads to all kind of radicals, whose 
densities can be even higher than n . This leads to a large 
reactivity. Chemical equilibrium !y no means assured; only 
in high pressure, high power density plasmas the system may be 
close to local thermodynamic equilibrium (LTE), i.e. the 
system may be defined by only two thermodynamic variables. But 
as said, this is more an exception than a rule. 
Another characteristic is that plasmas tend to maintain charge 
neutrality, i.e. to keep the positive charge density (ions) 
equal to the negative charge density (electrons and sometimes 
negative ions). Only in a layer adjacent to the wall a 
substantial electric fieldstrength may built up caused by very 
small excess of positive charges in the discharge. Hence, the 
name quasi neutrality is used: 

n = n e + 
(1) 

but large electric fields may exist in the sheaths because of 
a small unbalance. Another way to illustrate this, is to 
follow in time the evolution of a plasma. 

Fig. 8. Ambipolar diffusion. 

E 
-ambo 

Imagine the charged particles to diffuse freely and 
independent. Because of the small electron mass and high 
mobility, electrons tend to diffuse faster out of the 
discharge than the colder and much heavier ions. Then even a 
small unbalance, a deficit of electrons, leads immediately to 
large positive space charges which h~ers the electron 
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diffusion and helps the ion diffusion. This process continues 

up to the point when ions and electrons diffuse together, the 
so called ambipolar diffusion. Only in the sheath adjacent to 
the wall a strong unbalance in electron and in densities can 
occur. The thickness of this sheath is related to the Debije 
shielding length, defined as: 

_ jE: 0 k T e \ 3/ T e (e V) , 104 
ADC - 2 ~ 7.10 n ~--- ( 2 ) 

nee Pe 
'l'ypical valeues are 100 ]lm for low density 
for very high density plasmas. 

plasmas and .1 l.l m 

This sheath with associated potential 
accelerate ions to the wall is very 
processing. It is an essential factor in 
of plasma etching. 

2. Plasma characterization 

difference which may 
important for plasma 
the undirectionality 

It has been clear from the foregoing that plasmas can appear 
in a large variety. The particular application of the plasma 
medium will determine which plasmaparameters and which 
geometry and excitation is most appropriate. In the two 
subsequent courses several application areas will be covered, 
so here only a few general remarks will be made. 

One of the most important parameters is the electron 
temperature T e . For low ionization degrees, a. ;:: l1e /ng < lO-2 
significant deviations from Maxwell Boltzmann distributions 
may occur and it is better to use a average electron energy 
<E:e>.However, the electron temperature (or <se» does not vary 
appreciably; it has to be at a certain minimum value for the 
plasma to exist and it can not rise fast with increasing power 
because of fast increasing radiation losses. So, at low and 
intermediate pressures a very reasonable first guess for the 
electron temperature of active plasmas (where the power is 
dissipated) is around 1/4 E:. , where E:ion is the ionisation 
energy. At higher pressures~o~around 1 at. ~ 105 N/m 2 ) the 
temperat'te can be lower, typically around 1 eV(""(1/15) qpn ). 
So, the electron temperature is not a very good parametr~zing 
quantity. The relative amount of excitation, which related 
to Te by at least an exponential Boltzmann factor would be a 
better choice, but is not very convenient in use and is rather 
abstract. Of course the reactivity is determined by excitation 
and in view of chemical use it would be appropriate to find a 
parameter related to reactivity. 
To obtain a first insight it is advantegeous to use as a first 
parameter: the electron density, ne . In practically all cases 
it determines the reactivity since in any case in some step it 
takes care of excitation, dissociation and ionization etc. 

As a second parameter a quantity related to the gas density ng 
, is a good choice. This could be the total pressure, but we 
will use the ionization degree, defined as n~/ng' This choice 
has a very definite advantage for the divis~on of the plasma 
into two distinct regimes: of low ionization degree and of 
"high" ionization degree. The boundary between these two 
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regimes (the subjects of the two courses) is about at a ~ 10-2 

. There are several reasons to make this distinction useful. 
The first reason is that of the dominance of either collisions 
with neutrals or Coulomb collisions. At low ionization degrees 
(below 1%) the collisions of electrons with neutral gas 
particles are more frequent than those with ions. As a 
consequence all transport properties, as e.g. the 
conductivity, are determined primarily by these 
electron-neutral collisions. This is the wellknown 
gasdischarge regime. At the other hand the ionization 
degree is sufficiently high (a > 1%) electron-ion Coulomb 
collisions outweight the collisions with neutrals. In this 
regime several transport properties as e.g. the resistivity 
are determined by Coulomb collisions; the resistivity does not 
depend on the neutral density and is a function of the 
electron temperature only. 
A (related) second reason for this division into two regimes 
is found in the form of the electron energy distribution. For 
high ionization degrees (a > 1%) the electron-electron 
collisions are frequent and tend to maintain a Maxwell 
distrjbution. Hence, the electron energy distribution can be 
characterized by a temperature, Te ' which facilitates the 
calculation of rates of inelastic processes. 
For low ionization degrees ( < 1%) substantial deviations may 
occur for several reasons and care has to be taken in the 
calculations. A third reason is the behaviour of the heavy 
particle temperature or average energies. The energy coupling 
between electron and heavy particles as ions and neutrals is 
poor, in view of the large mass ratio. So, for low ionization 
degrees the neutrals are hardly heated and one speaks about 
"low temperature" plasmas. However at higher a 's the heating 
of ions by electrons start to play a role and at even higher 
as the heavy particle temperatures may approach the electron 
temperature. That is the regime of thermal plasmas, at least 
at higher pressures. In some literature one refers to this 
regime as high temperature plasmas, but this name is also used 
for the very much hotter thermonuclear plasmas. 
Also the ion dynamics changes around the discussed boundary 
for a~ 10-2• 
Above that value usually ion-ion Coulomb collisions outweight 
ion-neutral collisions and again the ions can be defined by an 
ion temperature Ti (which does not need to be equal to Te). 
For all plasmas to be discuss~ion-neutral collisions 
dominate the ambipolar diffusion process. This is so, even in 
the high ionization regime, since the ion-ion collisions do 
not hamper the particle transport in first order. Like-Like 
(ion-ion) particle collisions do not change the total momentum 
of the total (ion) distribution. 
There is an exception if a magnetic field is applied and when 
the electrons gyrate freely around the magnetic field lines. 
This is however beyond the scope of the present discussion. 
In order to elucidate the characterization, plasmas used in 
several applications are plotted in fig.9, where the 
coordinates are ne as abscis and ~/ng as ordinate. 
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Fig. 9. Plasma characterization; gd: glow discharge; ag: 
anomolous glow; 

a: arc; t: thermal plasmas. 

It can be observed that there is a definite alignment in this 
figure. Apparently, plasma production imposes restraints. Note 
also, that the Ar+ -ion laser plasma does appear somewhat 
higher in this figure. The reason is the application of a 
magnetic field which helps to cut down on plasma transport. As 
a consequence the plasma is hotter and the main heavy particle 
is now the ion rather than the neutral particle. This of 
course is essential in this application since Ar+-ions have to 
be excited to produce laser emission. 
As a rule, however, plasmas group around the line: 

ne -24 2/3 (3) 
C!(lO n) 

n e 

• where ne i~ in units of [11m 3J• 

There is a definite relationship between the required power 
density and the electron density. This can be argued quite 
easily on the basis of the basic formulation of mass- and 
energybalances. For simplicity we will assume a simple plasma 
in the sense that one neutral atom or molecule forms the major 
neutral particle. Further, in the mass balance we will assume 
ambipolar diffusion to dominate. Finally, in the energy 
balance we will take the increase of internal energy as the 
major energy loss term. Also we will limit ourselves for 
plasmas which are relatively far out of equilibrium. 
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Then the mass balance reads: 

Net production of charged particles = ambipolar loss 

or in formula: 

(T ) 
e ( 4 ) 

in which K) stands for the total excitation and ionization 
rate, DA for the ambipolar diffusion coefficient and L for a 
typical dimension of the plasma. If, as usual, ion neutral 
collisions determine the diffusion (enhanced by the ambipolar 
factor Te ITi) then DA is primarily dependent on neutral gas 
density (inversely proportional) and of course the 
temperature. In fact, from this equation immediately the 
conclusion can be drawn that the dimensions of the plasma are 
not free. Extracting the gas density from Dk by using DA~ 
which independent of the gas density, immediately the 
following relation results: 

/
<D

A 
n )' 

n L ~ K (T
g

) = only a function of temperature (5) 
g 1 e 

Working 9 out the detail s for e. g. argon at Te ~ 3eV we find 
~L "" 10 I Im2which is indeed a typical value for gas discharge 

lplasmas. So, in using plasmas, one has to take care to obey 
the plasma rules. There are ways to escape them but they are 
limited and have to be designed with great care. 

In fact, the situation is a little bit more complicated as not 
necessarily all excitations need to lead to ionization. 
Particularly at low electron densities « 1019 1m3 ) radiation 
back to the ground state may make it necessary to "hit" the 
neutral several times (typically a number between 1-10) before 
ionization is successful. We can account for this by the 
multiplication of the LHS of the mass balance (4) a factor~ 
which is between .1 and 1. 

A similar relation is a "bare" energy balance, in which we 
assume that all the consumed power is used to excite and 
ionize particles. In this way radiative losses (at least in 
the neutral system) are taken care of, since they are 
accounted for during the excitation: 

( 6 ) 

Note, that the required power density, P, would be even larger 
if other losses as hea~ conduction, convection etc., would 
play a role. The term L kTe stands for the contributions of 
the required heating of the newborn electrons (1 kTe ) and the 
expansion energy (kTe ). 
By now combining the mass balance and energy balance one can 
write immediately: + 5 < 

p ~ (DA ng)(E 1 + 2 k Te) • ne 

yL2 n 
g 

(7) 
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So 
. and 

In 
are 

we conclude, that as a general rule to obtain more density 
more ionization degree more power consumption is required . 
fig.9. we have indicated several typical values for P which 
in good agreement with the estimates based on eq. (7). 

We have stated already, that the use of balances have only an 
illustrative meaning. We have not treated plasmas which are 
close to equilibrium where also recombination has to be taken 
care of. Nevertheless it illustrates two basic rules: 

1) The 
plasma 
account. 

size 
itself 

of plasma and its form are also chosen by the 
and in the design this has to be taken into 

2) To arrive at a higher reactivity a larger power density has 
to be used. Roughly speaking there is a proportionality. 

Of course any detail is beyond the scope of this introduction. 
It illustrates the way the conservation laws in a 
elaborate form are used for the modelling of plasmas. To 
plasmaflow also the conservation law for momentum has 
used. 

more 
study 
to be 

Particle balance: diffusion, transport <-~ 

ionization/recombination 
(mass) 

momentum balance: forces (e.g. e§ , 'Vp) <-~flow of plasma 

energy balance: power consumption <-~ plasma heating 

3. TO summarize, there are two limiting plasma regimes: 
n 

1. Low temperature (Tg low) 1 low ionization degree (ne low) 
low electron density plasmas. The electron temperatbre is 
substantially higher than the gas temperature which is close 
to ambient temperature. The plasmas are out of chemical 
equilibrium; the reactivity is high; it is very much higher 
than the equilibrium value at gas temperature, but lower than 
that at electron temperature. 
There is a definite relation between power density and radical 
and ion density, thus specific reactivity. 
These plasmas are used for volume chemistry and many 
applications on surface modification. 

2. "high" temperature (Tg "high") plasmas, thermal plasmas, 
relatively high ionization degree (> 1%), high electron 
density plasmas. At atmospheric plasmas they are usually 
referred to as thermal plasmas since they are commonly not too 
far from local thermodynamic equilibrium. 
As a consequence of the higher ionization degrees and relative 
large electron and thus ion densities the heavy particle (read 
gas-) temperature is close to the electron temperature. Even 
though in this plasmas also high reactivities are achieved, 
the use of the large (kinetic and internal) energy density 
and/or large momentum is primary here. 
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So the division into the two subsequent courses finds its 
basis in this subdivision. 

It is however obvious, that 
regimes is gradually and it 
application the plasma regime as 
To illustrate this we will end 
to two examples where within 
kinds of plasmas are encountered. 

the transition between the two 
is useful to consider for any 
a whole. 
this introduction by referring 
the used classifications both 

The first is the negative corona discharge which is used for a 
long time for ozon production. In electro-negative coronas 
there is a definite time structure and the discharge is very 
inhom~eneous. During the very short discharge pulses (the so 
called Trichel pulses) relative hig~~~ectron densities are 
achieved near the corona wire or point~assification as high 
temperature plasma is appropriate. The dimensions of this 
initial plasma are small and it starts very soon to expand 
during the interval between the Trichel pulses. This expanding 
plasma consumes the energy deposited during the short pulse 
and there is no need for Joule dissipation; also there is no 
requirement of stationarity. This decaying plasma (a 
miniaturized afterglow) could be classified as weakly ionized 
plasma. 

The second example is the use of a thermal plasma (either D.C. 
or inductively coupled) as a particle source to be used in a 
surface modification process. Now it is possible to use the 
thermal plasma in the active domain with high power density, 
high specific reactivity, but also with high fluxes. 
This flux is allowed to expand and a low density plasma of 
large size is produced. Since again this is a flowing 
afterglow the basic limitations do not apply and more freedom 
in use of plasmas is achieved. 

In both examples use is made of convective energy transport 
from the high density active regime to the low density 
"preparation" regime. It is one way to escape some of the 
limitations of active plasmas, where the power is dissipated 
at the spot of chemical action. 
By the same examples it may have become clear that a thorough 
knowledge of plasma physics and plasma chemistry is of 
advantage in optimizing plasma processing. 

D.C. Schram 
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BASICS OF GAS DISCHARGES 
A.J. van Roosmalen and C.A.M. de Vries 
Philips Research Laboratories Eindhoven, The Netherlands 

1. Introduction 
This introduction to plasma electronics focuses on applica

tions in thin film processing, i.e., dry etching and 
deposition. The large majority of the systems in practical use 
is based on low-pressure rf excited plasmas. In the family of 
plasmas they can be classified as glow discharges - cold gas 
plasmas with a degree of ionization below 1:104 • Typical gas 
pressures range from 0.2 to 400 Pa. Rf excitation is so 
wide-spread because it allows the use of non-conducting 
substrates and electrodes; no net direct current is drawn. In 
many cases interactions at or near the substrate surface, such 
as ion bombardment, play an important role. A large part of the 
text to follow is dedicated, therefore, to the space charge 
regions ('sheaths') that form between the plasma and its 
surroundings. 

For numeric calculations we define a standard system 
consisting of a 20 Pa Ar plasma enclosed between two circular 
plates of radius r = 30 cm and spacing 1 = 5 cm. We assume an 
electron temperature Te = 23000 K (2 eV), an ion temperature 
equal to that of the neutral gas l Ti = Tg = 400 K (0.03 eV), and 
an electron density ne = 10 16 m-~. For simplicity we consider 
positive ions only. 

The value for the electron temperature is taken from elect
rostatic probe measurements in rf tube discharges by Cantin and 
Gagne (1) and rf planar discharges by Mosburg et ale (2). The 
temperature in dc glow discharges is usually found to be of this 
same magnitude (1,3). Several authors have reported much higher 
temperatures for rf than for dc excitation (3,4). Since the 
data in these references has been obtained without proper 
prevention of rf interference their conclusions are in our opin
ion questionable and will not be taken into account here (1). 
The electron density is a high estimate based on LIFS data from 
Donnelly et al. (5) and microwave cut-off experiments by de 
Vries et a!. (6). 

The Debije length and the average velocity in a 
Maxwell-Boltzmann distribution are given by 

AD = ( e k Te / e 2 ne )0.5 , 

v = 1.6 ( k T / m )0.5 , 

( 1. 1 ) 

( 1 .2) 

where ~ is the dielectric constant of vacuum, k Boltzmann's 
constant, e the electron charge, ne the electron density, and T 
and m the particle temperature and mass, respectively (7). For 
the above conditions we find AD = 0.1 mm, ve = 10 6 m s-1, and 
vi = 9xl0 2 m s-1. 
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2. Floating sheath 
The thermal current density current in one direction for 

any single charged species is 

J = e n v / 4 • (2. 1 ) 

Because of the large difference in velocity much more electrons 
than ions pass through a given surface per unit time. For the 
standard system introduced in the previous section J e = 400 A 
m- 2 and Ji = 0.4 A m-2 under assumption that ne = ni. Hence, an 
electrically floating wall charges very rapidly negative with 
respect to the plasma. The steady-state potential difference is 
called the floating potential, Vf. We can derive its magnitude 
from the following argument. 

The number of electrons in a Maxwell-Boltzmann distribution 
that can pass a potential barrier of height Vf is 

net = ne exp (e Vf / k Te) • (2.2) 

Because of this exponential decrease in electron density when 
approaching a negative potential - the wall - the plasma ceases 
to exist and a positive space charge region - the ion sheath -
is built up. The ion sheath can for suitable conditions be 
observed by eye as a dark space since most gas phase excitation 
processes involve electrons, and the optical emission of the 
discharge is largely caused by radiative decay of short-living 
excited species. The net electron current density to the wall 
is found by inserting Eq. 1.2 and 2.2 in Eq. 2.1, 

J e = 0.4 e ne ( k Te / me )0.5 exp (e Vf / k Te ). (2.3) 

To obtain the ion current density at the wall we have to 
realize that electrons do not screen out potential deviations 
small relative to their thermal energy, i.e., below k Te / e. 
These potentials are very large for ions, because Ti «Te. 
Therefore, the electric field in the space charge region can 
extend somewhat in the plasma. It can be derived from mathematic 
continuity considerations that the ions must enter the sheath 
with an energy of k Te / 2 e: this is the Bohm criterion (7). 
Under assumption of collisionless motion, and neglecting the 
thermal motion of the ions, the directed ion velocity u follows 
from energy conservation, 

mi u2 / 2 = e k Te / 2 e , 

u = ( k Te / mi )0.5 • 

(2.4) 

(2.5) 

The potential at the plasma - ion sheath boundary is k Te / 2 e, 
or half the electron temperature in volts. According to Eq. 2.2 
the electron density is then ne exp (- 0.5) = 0.6 nee The ion 
density at the boundary is numerically equal to this value, so 
that the ion current density to the wall is 
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Ji = e ni u = 0.6 e ne ( k Te / mi )0.5 • (2.6) 

For a wall at floating potential J e = Ji' with Eqs. 2.3 and 2.6 
we find 

Vf = 0.5 k Te / e • In (mi / 2.3 me) • (2.7) 

This means that the floating potential is equal to a few times 
the electron temperature in volts. In the standard system from 
Section 1 we calculate Vf = - 10 V and Ji = 2 A m- 2 • As we will 
see in the next section the thickness of the floating wall 
sheath is of the order of the Debije length. 

3. Cathode fall 
In Section 2 we analyzed the interaction with a perfect 

floating wall. In practice there is almost always some applied 
potential. Here we will describe the cathode fall in a dc-oper
ated 'abnormal' glow discharge. The term abnormal stems from 
lamp technology (8). It indicates the situation where the nega
tive glow covers the cathode completely. The operating voltage 
is then a strong function of current. In the usual operating 
range for cold-cathode lamps this is not the case. Instead, 
raising the current increases the electrode coverage thereby 
leaving the voltage across the tube virtually unaffected 
('normal' discharge). Figure 1 gives a quick view at the rele
vant regions in a tube discharge. 

A reasonable cathode potential is - 500 V. With voltages 
of this magnitude no plasma electrons can reach the cathode 
surface, and a net positive ion current is drawn. At the anode 
on the opposite side of the discharge the electrode potential 
will be slightly less negative than Vf in order to compensate 
the cathode current with a net negative electron current. 

cathode dark space 

negative glow 

faraday dark space 

- positive column 

- anode dark space 

Fig. 1. Bright and dark zones 
in a dc tube discharge. 
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We will derive here some expressions with which it is 
possible to calculate potential and density gradients in the 
sheath. This knowledge will enable us to understand a number of 
phenomena in both dc and rf discharges. Consider a positive 
x-axis perpendicular to the cathode surface and with the origin 
on the plasma - sheath boundary. Assume that single-charged ions 
are the only charge carriers, and that they can move without 
collisons from plasma to wall. Anywhere along the positive 
x-axis the current density can then be written as 

( 3 • 1 ) 

where density and velocity are both a function of x. Since we 
neglect collisons Ji is a constant dictated by the Bohm criteri
on. By energy conservation 

mi u(x)2 / 2 = e Vex) , (3.2) 

so that 

u = 2 e V / mi )0.5 , (3. 3) 

where V is the potential relative to the plasma - sheath bounda
ry. V is, of couse, also a function of x. Note the similarity 
between these expressions and Eqs. 2.4 and 2.5. Eliminating u 
in Eq. 3.1 with the aid of Eq. 3.3 gives 

ni = Ji/e • ( mi / 2 e V )0.5 • (3.4) 

Poisson's equation in one dimension is 

(3.5) 

~y substituting Eq. 3.4 for nia differential equation in V and x 
is obtained. With the boundary conditions dVjdx = 0 and V = 0 at 
x = 0 this equation can be solved by direct integration. After 
rearranging we find 

Ji = 0.6 ( ~2 e / mi )0.5 • V1.5 / x2 • 

This is the Child-Langmuir equation for collisionless 
space-charge limited current (9). 

(3.6) 

Because the derivation holds for all positive x values we 
may substitute the wall potential Vs for V and the sheath thick
ness d for x. With 2 A m- 2 for Ji, see Eq. 2.6, and - 500 V for 
Vs we find d = 7 mm, in reasonable agreement with observed 
dark-space values (10). 

For a floating wall we can insert Eqs. 2.6 and 2.7 in Eq. 
3.6 which yields, after rearranging 

d = AD. 0.6 ( In (mi / 2.3 me ) )0.75. (3.7) 
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With the appropriate values for the various constants the ion 
sheath thickness at floating surfaces appears to be about twice 
the Debije length, or 0.2 mm. 

Density, voltage, and field gradients calculated with Eqs. 
3.1, 3.4, and 3.6 are given in Figure 2. The behavior at the 
plasma - ion sheath boundary is taken from the discussion on the 
Bohm criterion in the previous section. Note that the ion densi
ty rises asymptotically to infinity at x = O. This is caused by 
the zero potential boundary condition in the integration of 
Poisson's equation, implying a zero velocity. For a finite ion 
velocity the differential equation cannot be solved analyt
ically. 

For an ion sheath thickness of 7 rom the concept of colli
sionless ion motion may be doubted. The collision cross section 
of Ar+ in Ar is about 5x10-19 m2 which for 20 Pa implies a mean 
free path of 0.4 rom only (10). This has of course consequences 
for the ion impact energy. Instead of 500 eV for all ions in 
this example a wide range of energies is observed, see Figure 
3. Hence, a mobility dominated for the ion movement might be 

0.8 

0.6 

0.4 

23456 
Distance from Wall (mm) 

d 

Fig. 2. Potential (V), elec
tric field (E), and electron 
and positive ion density (ne, 
ni) gradients in a free-fall 
space-charge region. 
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more applicable. Using a derivation similar to the one above, 
but for the ion velocity using the drift equation 

u = ft i dV / d x , (3.8) 

where Pi is the ion mobility, we obtain 

J i = 1. 2 C,P-i V2 / x 3 • (3.9) 

Surprisingly this expression is qualitatively quite similar 
to Eq. 3.6 for collisionless current. The voltage varies now as 
xl • S in stead of x1• 33 , but that difference is small. For our 
example even the calculated sheath thickness is about the same, 
viz. 9 mm estimating the mobility of energetic Ar+ ions in 20 
Pa Ar on 0.5 m2 V-1 s-l (11). It appears that 20 Pa is already 
in a transition zone1 one has to go to either much higher or 
much lower pressure to discriminate between the two models. 

So far, we have obtained expressions relating the dark 
space thickness with the current and voltage across it. For a 
complete description we have to include the effects of gas pres
sure variations too. The bombardment of the cathode with ener
getic ions initiates secondary electron emission. These 
secondary electrons are accelerated back into the plasma and 
serve there as a major energy input for sustaining the 
discharge. Increasing the pressure lowers the mean free path 
and, hence, brings the onset of cascade ionization closer to the 
cathode surface. In other words, the secondary electrons deter
mine the position of the plasma boundary. It is observed indeed 
that the length of the cathode dark space in a dc discharge is 
inversely proportional to the gas pressure (9). As we will see 
later on other mechanisms have to be taken into account when rf 
fields are involved. 

j 

o 

~ 
V1 
c: 
!l.I -c: 

00 

Ar+ in Ar 

0.2 0.4 06 0.8 
Relative Ion Energy (-) 

to 

Fig. 3. Energy distribution 
for Ar+ from an Ar dc-disc
harge cathode fall. Condi
tions: p = 8 Pa; Vs = 600 Vi 
d = 13 mm. Data from ref. (10). 
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4. Characteristic frequencies 
When touching the subject of rf excitation one must realize 

that plasmas have a large variety of characteristic frequencies 
and time constants. Relevant are here the electron plasma 
frequency we' the ion plasma frequency wi, the electron -
neutral collison frequency ve' and the electrical plasma decay 
time ~. The values for these parameterers calculated below are 
in Hz (~e / 2~, Wi / 2rr, Ve / 2~) to allow direct comparison 
with the excitation frequency. 

The electron plasma frequency is a measure of the response 
time for perturbation of the charge neutrality in the plasma, 
and is given by (7) 

We = ( e 2 ne / e me )0.5 • ( 4 • 1 ) 

Inserting appropriate values for the various constants we find 
that an electron density of 10 16 m- 3 corresponds to 900 MHz. 
Note that cue is related to ve and AD, 

AD • we = 0.6 ve , (4.2) 

see Eqs. 1.1 and 1.2. This is consistent with the picture of 
AD as the spatial extend of deviations from neutrality. 

A similar expression can be derived for the ion plasma 
frequency (9). In Eq. 4.1 we then have to replace ni for ne and 
mi for me' With ne = ni and our standard Ar plasma we find an 
equivalent frequency of 3 MHz. 

The electron - neutral collison frequency is 

(4.3) 

where ng is the neutral gas density, (v rr)e the average product 
of electron velocity and total collision cross section, and ~T 
the cross section at Te. Taking ~T = 3xl0-20 m2 (12) gives us 
1.6xl08 s-l for ve' which corresponds to 25 MHz. 

The decay time in low-pressure, high area-to-volume type of 
plasma considered here is determined mainly by wall recombina
tion of ions and electrons. An estimate can be obtained by 
dividing the total charge in the system by the loss current. For 
the geometry of our system 

L = e ne vr2 1 / Ji ( 2rr r2 + 2~ r 1 ) , (4.4) 

where Ji is the ion current density at the plasma boundary (Bohm 
criterion). Inserting Ji = 2 A m- 2 yields 20 ps for r. This is 
the half-cycle time of a 25 kHz wave. 

Figure 4 shows the characteristic frequencies derived above 
together with the rf bands commonly used for etching and deposi
tion plasmas. Systems not working in the indicated ranges are 
very rare. We will denote the 50 - 500 kHz band as LF (low 
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frequency), the 10 - 50 MHz band as HF (high frequency), and the 
1 - 50 GHz band as MW (microwave). Note that the use of MHz and 
GHz frequencies is limited in practice to the industrial 
frequencies of 13.56 MHz, 2 GHz, and 40 GHz. 

5. High-frequency sheath 
When an rf voltage is applied between a plasma and a 

dc-floating wall or electrode basically two effects are possi
ble. For frequencies well below the ion plasma frequency (LF 
band) ions and electrons follow the field and the system behaves 
as a dc cathode fall in the cathodic cycle and as an anodic 
sheath in the anodic cycle, see Figure 5. 

Electric fields with a period larger than the decay time 
cause the discharge to extinguish every half cycle, which 
results in a switched breakdown with the corresponding high 
starting fields. We will not discuss such systems here. 

Above the ion plasma frequency the ions cannot respond to 
the field and the electrons become the dominant current carriers 
(HF band). Since the sheath regions are virtually electron-free 
they behave now as capacitors and cause large ac potentials to 
develop between plasma and walls. 

As an example we will now analyze the electrode sheath in a 
13.56 Mhz system in detail. As this frequency is in the HF band 
there will be large rf potentials across the sheath. No net 
direct current can flow in the external circuit. To keep posi
tive and negative particle fluxes equal the average electrode 
potential will drop to a large negative value. The final steady
state situation is illustrated in Figure 6. The ion current is 
constant since the ions do not 'see' the rf field, and the decay 
time is much longer than the rf cycle time. For most of the time 
the wall potential is much more negative than Vf so that the 
electron current is negligible. Once every rf cycle the elec
trode potential approaches zero~ there, the plasma electrons 
break through the ion sheath to neutralize the positive wall 
charge built up in the previous cycle. 

As the positive ions 'see' only the time averaged value of 
the rf field, it appears as though they are accelerated by a 
constant potential difference numerically equal to the rf peak 
voltage (6). This is the so-called dc self-bias. Loosely speak
ing one could say that the ion sheath acts as a diode rectifier 

~ 
0 
u w c 
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Fig. 4. Characteristic 
discharge frequencies and 
operating bands for plasma 
etching and deposition. 
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(the electrons) with a parallel resistor (the ions) and a paral
lel smoothing capacitor (the space-charge region). 

With a 500 V peak value for the rf voltage across the 
sheath it is obvious that a - 500 V dc self-bias is obtained. As 
ions dominate the sheath for most of the rf period the space 
charge region will be similar to a 500 V cathode fall, at least 
to a first approximation. The sheath thickness is then 9 mm 
again according to Eq. 3.9. Treating the sheath as a perfect 
capacitor, 

Cs = E. I d , ( 5. 1 ) 

we can calculate its reactive impedance , 

Z = 1 I w Cs , (5.2) 

where w is the excitation angular frequency. For our system we 

LF 
c 
Q) .... .... 
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Ji 

0 
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Fig. 5. Voltage (Vrf) and ion 
and electron current density 
(Ji, J e ) across the electrode 
sheath in LF operation as a 
function of time. 
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Fig. 6. Voltage (Vrf) and ion 
and electron current density 
(Ji, Je) across the electrode 
sheath in HF operation as a 
function of time. Arrow indi
cates ion bombardment energy 
(Vdc) • 
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obtain Cs = 1.1 nF m- 2 , so that z = - 10 j ohm m- 2 • This agrees 
well with measured rf impedancies (13,14). With a 500 V peak 
applied voltage the rms current density is 35 A m- 2 , hence, far 
more than the dc current density in the sheath, 2 A m-2 , but 
less than the random electron current in the glow, 400 A m- 2 
(Eq.. 2. 1 ) • 

Although the high frequency sheath resembles the cathode 
fall in some aspects it would be a misunderstanding to believe 
that they are identical. From Poisson's equation (Eq. 3.5) it 
follows directly that if the voltage across a space charge 
region decreases, the net enclosed charge has to decrease. The 
positive charge density is prescribed by the rf independent ion 
flux, so that electrons must move back and forth. This implies 
an oscillatory movement of the plasma - ion sheath boundary. 
Figure 7 shows the calculated position of the plasma - ion 
sheath boundary relative to the wall as a function of time.. The 
assumed ion density distribution and electron density cut-off 
are as per Figure 2. 

It should be noted that the high-frequency sheath thickness 
is prescribed by Poisson's equation, not by the onset of cascade 
ionization as in the dc case, see Section 3. While the 
cathode-fall length in a dc discharge varies as p-l (p = pres
sure), the dependence here is much less pronounced, see Figure 
8. It will be clear that for a given pressure the rf sheath is 
also much thinner than the cathode fall. Finally, the sheath 
formation mechanism implies that there is no 'anode' sheath. 
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Fig. 7. Position of the plas
ma - ion sheath boundary rela
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function of time. 
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6. Energy transfer 
It is illustrative to have a look at the various energy 

loss and gain mechanisms in the 13.56 MHz discharge introduced 
in the previous section (11). Calculations are for a 'half 
system', i.e., an electrode in the cathodic cycle plus a propor
tional piece of adjacent plasma. Power dissipation is given per 
unit of electrode surface, thereby following a common use in 
thin film processing. 

We have already stated that the main charge loss mechanism 
is wall recombination. The power density needed to replace this 
loss by ionization is 

( 6. 1 ) 

where ~i is the effective energy per ionizing collision. Note 
that 1i has to be higher than the ionization energy in order to 
compensate for non-ionizing inelastic collisions. With 7i = 30 
eV (9) and Ji = 2 A m-2 it appears that P, = 60 W m-2 • 

In the discharge large rf currents are flowing. For elec
tron drift velocities small relative to the thermal velocity we 
may write 

Jrf = e ne vd , 

vd =Pe Erf , 

(6.2) 

(6.3) 

where Jrf is the rms current, vd the drift velocity, Erf the 
effective electric field, and~e the electron mobility. Hence 
the specific plasma resistivity j 

J = 1 / e ne foe • (6.4) 

For moderate fields the product of mobility and pressure is 
constant so that 9 can be calculated. The associated energy 
dissipation 

(6.5) 

where L is the plasma length in the direction of the rf current 
vector. Taking 1/2 = 2.5 cm for L, 300 m2 v- 1 s-1 for fA. e in 20 
Pa Ar (15), and 35 A m-2 for Jrf, see the previous section, we 
find p2 = 60 W m-2 , just enough to sustain the discharge (Pl). 

A much larger contribution to the energy dissipation in the 
discharge comes from the ion wall bombardment. The energy trans
ferred by the ions is 

P3 = Ji Vs , (6.6) 

which in this example amounts to 1000 W m-2 • Secondary electrons 
liberated by the ion bombardment are accelerated back into the 
plasma thereby providing an additional high-energetic power 
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input. As this increases the effective positive current to the 
wall we have to multiply Ji in Eq. 6.6 by ( 1 + r ), where 1 is 
the secondary emission coefficient. Estimating 1 at 0.1 elec
trons per ion (9) we have to add some 100 W m- 2 to P3. Obvious
ly this input helps to sustain the discharge and raises the 
high-energy tail of the Maxwell-Boltzmann distribution. 

So far we have located 1160 W m-2 of work done by the rf 
field. The total rf power input to obtain the conditions in our 
example are, however, much larger, typically 5000 W m- 2• Rf-im
pedance measurements also indicate a resistive component much 
larger than can be accounted for by ion sheath flux and electron 
drift alone (14). An additional contribution can come from 
electrons interacting with the oscillating plasma - ion sheath 
boundary, see Figure 7. Calculations have shown, however, that 
the dissipation in W m- 2 is less than the sheath voltage in 
volts, so that the contribution is not substantial (14). Possi
bly collective processes are involved, such as wave ineraction. 
Note that the total energy input per electron with 5000 W m- 2 is 
rather large; from the collision frequency and the total charge 
in the system we calculate an average of 1 eV per mean free 
path. 

7. Macroscopic properties 
It will be attempted in this Section to summarize the 

results from the previous sections in a macroscopic description 
of the rf discharge over a large frequency range. We will focus 
on the key parameters sheath potential, plasma density, ion wall 
current, degree of dissociation and discharge impedance. 

For a conceptual understanding of rf discharges it is 
convenient to describe the sheath - plasma system in terms of an 
electric equivalent circuit, see Figure 9. In this diagram D, 
Rl, and Cl stand for the electron, ion, and capacitive currents 
in the sheath, while R2 and C2 denote the plasma resistance and 
capacitance. Remember that the ion current in the sheath is 
always continuous, whereas the electrons can pass the sheath 
only if the electrode potential is sufficiently close to zero. 

For the 13.56 MHz example we saw in the previous section 
that R2 «, I W C, « R1. The admittance of C2 is negligible 
here (see below). Obviously the HF discharge is almost complete
ly capacitive. 

o 
Fig. 9. Electrical equivalent 
circuit for an rf discharge in 
contact with an electrode. D, 
Rl, C,: electron, ion, and 
capacitive current in the ion 
sheath; R2, C2: plasma resist
ance and capacitance. 
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In the LF band 1/ W C1» R1, so that both C1 and C2 can be 
neglected. The system is resistive, and the rf current is about 
equal to the ion current on the cathode (16). Power dissipation 
is as given by Eq. 6.6, since there is now no low-impedance 
bypass through the dark space and R1» R2. The charge density 
in the plasma does not appear to depend much on the operating 
frequency as long as the power density is kept constant (5), see 
Figure 10. With 5000 W m- 2 and Ji = 2 A m- 2 we find from Eq. 
6.6 that Vs = 2500 V. It has been observed indeed that the 
potentials in LF discharges are substantially higher than for HF 
systems (5), see Figure 10. Toward the low end of the LF band 
the discharge becomes inductive because time-dependent ioniza
tion and transfer processes cannot be neglected anymore (8). 

Above the HF band one would expect the discharge to be 
resistive again, since 1 / W C1 ~ R1, R2, were it not that the 
electron-neutral collision frequency is crossed. This implies 
that the electrons make many oscillations between two colli-
sions, and that the plasma itself becomes capacitive, 1 / W C2 
«R2. This effect is usually accounted for by incorporating an 
imaginary mobility in the equation for the resistivity, Eq. 
6.4. It can be derived that (17) 

Ae I = fe / ( 1 + j w / v e ) • ( 7 • 1 ) 

Frequencies above the electron plasma frequency (MW) can cause 

1.2 
(T) 

1 1.0 
'0 
!::. 0.8 
~ 
III 
~ 0.6 
o 

O.L. 

0.2 

0.01 0.1 1 10 
Frequency (MHz) 

Fig. 10. Density of Cl2+ from 
laser-induced fluorescence, 
and reactor rf potential 
(peak-to-peak) as a function 
of frequency for a C12 
discharge. Data from ref. (5). 
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longitudinal waves as the electrons are too slow to keep the 
plasma field-free. Actually the discharge reactor at these 
frequencies takes the shape of a tuned cavity with a small loss 
angle. Since the sheath reactance ( 1 I W Cl ) becomes negligi
ble at very high frequences the rf current will not produce a 
potential drop across the dark space. Walls and electrodes will 
all be at or near floating potential, Vs = Vf = 10 V. 

For discharges in the LF and HF band there exist at the 
moment no self-consistent models predicting plasma parameters 
from external variablesJ only the (less common) MW systems are 
relatively well-described (17). Even reliable parameter meas
urements are scarce. 

From the existing literature it can be concluded that ne 
(hence, Ji; Bohm criterion) is about proportional to the rf 
power, although there are indications of upper and lower limits 
that might be reactor geometry dependent~ pressure and frequency 
appear to have little effect (5,6). 

The sheath voltage in HF systems has a power dependence 
lying roughly between square root and linear (14), in LF systems 
the influence of rf power is much less pronounced (16). It will 
be clear that the plasma potential in MW discharges depends on 
rf power to the extend that the electron temperature does CEq. 
2.7), i.e., very little. 

In HF discharges the ion sheath thickness is normally 
insensitive to the rf power (14). It is difficult to give a 
statement for the LF sheath because of its pulsating nature. In 
MW discharges a sheath will not be visible (Eq. 3.7). 

A useful empirical observation is that the higher the 
frequency, the higher the degree of gas dissociation (not ioni
zation!) for a given power level. This can be judged from e.g. 
the formation of glow polymer and chlorine in a CC14 discharge, 
being negligible in LF systems, significant in the HF band, and 
almost quantitative in MW excitation (18,19). 
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How Does Plasma Etching Take Place 

Neutral Product 

\/ 

Ion Neutral 

\! 
Product 

Inhibitor 

1. Sputtering 

2. Chemical 

3. Ion-Enhanced, 

Energetic 

4. Ion-Enhanced, 

Protective 



I//I/ltllI'I 

\. . -

~ 
I • 
I • 

III 1'_'--' 
J 
-------- ------- - - - ---

III I II I I , , '1 I"'ltl 
\. \ " • J I 

1- ___ - -----------------
OVERETCH 

. 

3-3 
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1 
111//11111. 

ISOTROPIC 
(MASK EROSION) 

~ 

OVERETCH 

MASK 
SUBSTRATE 1 

SUBSTRATE 2 

II III 1111 

----- ----
ANISOTROPIC 

Isotropic and anisotropic etching. The degree of 
anisotropy is defined as (1 - dh/dv)' Feature size 
is 1bnited to the fU. thickness. 
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laotropic etching 1~u.eful for: 

1. Bigh Selectivity 
2. Stripping 
3. Undercutting (liftoff) 
4. Tapering 
S. Larger geometries 

SURFACE DAMAGE INDUCED 
ANISOTROPY 

. . .... . . . . . . . ',.~ ...... """ .-... ~ . ., •....... . , .. -.-' -., ..... . 
• •• •• •• • •• • •••••• - . · . . . . . . . . .. . . . . . .... . · .................. . · . . . . . . . . . . . . . . . . . . . 
• SUBSTRATE ATOM • ETCH ANT 

,..-...........:1 ............ ; .,'OLYSILICON 

.~:-:+lI"""~ OXIDE 

alLiCON 

SURFACE INHIBITOR 
MECHANISM OF ANISOTROPY 

('il. 
I" .... · . . . . · . . .. · . . . . · . . . . .... ~-...... , ..... . . .................. . . .................. . 

• SUBSTRATE ATOM 
-INHIBITOR 

• ETCHANT 

ETCH PROPERlY Pl.ASM" VARIABl.E SIMILARITY VARIABLE 

Rate Power E/N 

Selectivity Pressure Nd 

Anisotropy Frequency fIN 

Morphology Temperature T 

Flow n IN e 
Gas CompoSition 
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SURFACE DAMAGE -
______ !N~~~~~~l~qr~Q" 

RECOMBINANT ENHANCED 
ANfSOTRO" -----------W1----

PRESSURE 

I ELECTRON TEMPERATURE) 

o 0 J 0 .,.., €e=MKTE 

....... 0 
o 0 '-. 
/. 

High electron energy in 
a discharge permits 
chemical activation at 
low gas temperature. 
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CHEMICAL KINETICS: REACTION 

A ud B are fCIICta!ltl. M is a DOD

nadiyC coUiIioJa putDcr tbat c:anies 
--7 CDeI'IJ I laelpm, the reac:doD to 
proceed. ad A.. is the ... an area iD 
first order I'CICtODS. Por • fised 
compolitkm. NA' Na. NM are 
proportioDll to pressure. SiDee the 
ftfl01ll reactiODI fOnDS have diffCl'CDt 
pressure depeDdencies. pressure CaD be 
IISCd to Ilter tbe relative br.portaDce of 
competiD, reactiODS. 

FORMS AND RATE EXPRESSIONS 

PROP. FORf.!,:. 
-r,ME' 

Effect 0/ Pressure on Reactions o/Var;oul Order 

O.erall Reattloa EnetUn 
Depeadeace 

F + Si,urf" SiF P 

CF, + F .. CF4 p2 

CF2 + F2 .. CF,+F p2 

CF2 + CF2" C2F4 p2 

3CF2" C3F6 ,3 
4CF2 .. c"Fa p4 

Gas a~d lurfzce temperatures arc me, 
ye.ry important since rate collStaDts (I:) 
,cDcraUy tary CIPODCDtiaUy ~ 
lemperature. Likewise. wan material 
CaD control the rate of surface 
reactions ouch .. recombiDItiOll. 

These are typical of etching, recombination and 
polymerization reactions in fluorocarbon plasmas. 
The higher the order of a reaction (exponent of 
pressure), the greater is its relative importance 
with increasing pressure. Contrarywise, the lower 
order reactions dominate at low pressure. The 
above sequence thus illustrates that pressure 
favors oligimerization of unsaturates to form 
polymeric precursors relative to etching and 
saturation (recombination) reactions. 

THESE DIRECTLY AFFECT RAiE 

k's AFFEC TS N:~ 
GAS TfM9 V 
[lEe TEMP ..j 

~--~---r------~ 
HE T DENS'" Y / 
(PRESSURE) V 

~~----~--~~~ 
R£L GAS (;otJC ..; 

~------~--~~~ 
RE'L ELEe CONe V L-______ -L __ ~ __ __ 
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F.A,TOM ETCH RATES 

E R ( a n g 5 t rom / min) - A D F T 1/2 e - EA I RT 

FILM A 

Si 2.86 x 10-12 

Si02 0.614 x 10-12 

ER(Si)/ ER(Si02) '"" 

1000 
800 

&00 

10 

'"" 

Tl'"K1 

E A (keaVmo)e) 

2.48 

3.76 

4.66 J.271R.T 

44 (at 298K) 

.a~------~!----------~--~ 

Silicon etch rate and 
reaction probability vs. 
liT. Logarithm of the 
etch rate is linear in 
this form, which is 
called an Arrhenius plot. 

RATEA/min 
(298K.!If= 3s101u,-') 

2250 

S5 

80 

70 

&0 

o 
;: 50 
c 
ex: 
w 
~ 40 
ex: 
:r 
u ... 
W 30 

25 

Etching of Si and 
Si02 by F-atoms 
obey an Arrhenius 
expression. EA 
is called the 
activation energy. 
The larger EA, the 
more sensitive a 
reaction is to 
temperature. Since 
EA is material 
dependent, selec
tivity is temper
ature dependent. 

T( C) 

150 100 50 0 -50 

II'-_.J..-_::"-::::-_;;:'-;;- .. ~-~ -
3.0 3.5 40 4 5 
1000/T (K) 

Si/Si02 etch rate ratio 
vs. liT. 
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ELECTRON-MOLECULE REACTIONS 
IN·A CF4 DISCHARGE 

IONIZATION 

e- + CF4 - CFt + 2e-

DISSOCIATION 

e- + CF4 - CF3 + F-

e- + F- - F + 2e-

e- + CF4 - CFa + F + e-

2 

to") :--..L.-..I-....I..--1-.....L--.L--L--L--.l..---l 
o f 2 3 4 5 

MEAN ELECTRON ENERGY. (£). (~V) 

F ATOMS ETCH SILICON. THE 
RATES OF F-ATOM FORMATION 
DEPEND MAINLY ON ELECTRON 
ENERGY SINCE DETACHMENT 
IS RAPID IN A PLA~MA, 



MECHANISM FOR A CF4 DISCHARGE 

lonlzallon Surface Recombination 
.- + CF4 " CF; + 28- + F .-(S) + CFt(S) .. CF3(S) Surface Recombination 

F-(S) + CF;(S) .. CF4(S) 2F(S) .. F2(S) 

Attachmenl CF3(S) + F(S) .... CF 4(S) 

.- + CF .... CFs + F- Dissociation 2CF3(S) .. C2F6(S) 

.- + F2 .. F + F- .- + CF4 " CFs + F + .-
.- + C2F, .. CF3 + CF3 + .- Polymerlzallon 

Delachment .- + F2 .. F + F + .- CF3(S) .. CF2(P) + F(S) 

.- + F- .. F + 2.- CF2(P) + F(S) .. CF3(S) 

CF3 + F- .. CF .. + .- Recombination 
F + F- .. F2 + .- 2CF3 .. C2F, Desorption 
F- + M .. F + .- + M CFs + F + M .. CF4 + M CF4(S) .. CF4 

CFs + F2 .. CF .. + F C2F6(S) .. C2F, 

Ian Recomblnallon F + F + M .. F2 + M F2(S) .. F2 

.- + CF; .. CF3 F(S) .. F 

CFt + F- .. CF3 + F Surface Reactions CF3(S) .... CF3 

CFs .. CF3(S) SiF 4(SI) .. SiF .. 

Diffusion F .. F(S) 

.- ... -(S) F + CF3(S) ... CF .. (S) 

CF; .. CF;(S) CF3 + CF3(S) .. C#'6(S) 
F- .. F-(S) F + SI .. SiF(SI) 

---j F + SiF(Si) .. SiF2(Si) 

F + SiF2(SI) .. SiFs(Si) 

F + SiF3(Si) .. SiF 4(SI) 

w 
I .... 
o 
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BEFORE STEADY STATE 

+ 

F\/FF, FF FF F 
/ \ / \ / 

Si, ...... SI, ...... S', ...... Si 
_SI..... SI Sf 
~ ,/,/, 

ITCH RATES AND ACTIVATION ESERG1£S 

FOR SILICON ITCHING IN F.sOURCE PLASMAS 

Etch RfteAt 
Pla.ma 1 OO·C (A/min) E.(eV) 

F-/Fat 4800 0.108 

CF .. .tJ2 4800 0.11 

CF .. /Oa 3000 0.11 

CF" 300 0.124 

8IF"IOa 440 0.11 

Some Fluorine Atom-Source Plasmas 

CF" CF"IOa SFa SFe/0a Fa NF3 

CaFe/0a CNF2N+2/0a 
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SUMMARY OF PLASftIIA ETCHING WITH FLUORINE ATOM PLASMAS 

Materials Gases Anisotropy Selectivity 

Si F2, CF4-~' C2Fs-02' Isotropic High over S102. 
C3FS-0 2' SFS-02, Six Ny. 
SiF<t/02, NF3, C1F3 metals 

S102, SixNy Isotropic,Anisotropic coover III-V 
at high ion energies compounds 

TiSi2, TaSI2. Partially anisotropic High over S102, 
MoSi2, WSI2 at high Ion SlxNy ...... 1:1 over SI 

energies 

Ti, Ta, Mo, Anisotropic at high High over SI02 at 
W, Nb Ion energies high powers 

Ta2N 
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TEMPERATURE INFLUENCES MORPHOLOGY 

2.7 x 1015 F-.tom_/em3 1 torr F2 

". ~ 

.. lli! 2& (SO , 

.... 480 ton F2 ", f" .. '.' ~ .~ " ~ 
I .. 

" ,., ~.'" 
'" ~ ... 

ROUGHNESS INCREASES WITH TEMPERATURE 
AND PRESSURE USING FLUORINE ETCHANTS 

... 
- -

.. '-.;:. -.,--:.;:-:~~.:,~.-::~-
.... ~ --

THE III-V COMPOUNDS EXHIBIT A ROUGH 
TO SMOOTH TRANSITION WHEN ETCHING 
AT INTERMEDIATE PRESSURE IN CL2 PLASMA 
PLASMAS (GAAs SHOWN). 
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THE LOADING EFFECT IN PLASMA ETCHING 
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CL PLASMA ETCHING 

- CL AND CL2 DO NOT ETCH UNDOPED SILICON SPONTANEOUSLY 
ALL ETCHING IS ION-ASSISTED. 

- HEAVILY DOPED SILICON IS ETCHED SPONTANEOUSLY BY 
CL AND BR ATOMS. 

- INHIBITOR CHEMISTRY IS USEFUL FOR ETCHING OF DOPED LAYERS 
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£tcll CAS CU, 
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to achieve controlled degrees of 
anisotropy. 
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ALUMINUM ETCHING 

- Anisotropic 

- Large Chemical Etch Rate in C1 2 
- Native Oxide Layer 

- Copper, CuC1
3 

evaporation ~33 Kcal/mole 

- Unsaturates or other inhibitor 

- Hygroscopic Byproducts of Etching 

- Fluorine 

- Reactor Material and adsorption 

Gases 
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THE ETCHANT.UNSATURATE CONCEPT 

e + Halocarbon -to Satur~ted + Unsatu!ated + Atoms 
Species Species 

. Reactive Atoms} {Other atoms 
Reactive Molecules + Unsaturates -to Saturated Species + Other molecules 

Unsaturated Species -to Oligimers -to Polymers 

{
Chemisorbed Layer 

Atoms + Surfaces -to V I t'l Pdt o a Ie ro UC 5 

Unsaturates + Surfaces ( + initi!l'ting) -to Films 
radicals 

Reactions oftype (1) are illustrated by the following: 

j
CF3 + CI + e 

e + CF3C) -to CF2C) + F + e 

CF2 + F + Cl + e 

and possible saturation reactions between reactive oxidants and unsaturates are: 

COF2 

COFBr 
CO + F, F2, Br, Br2 

CO2 

The above reactions cause an increase in F, F2• Br, and Br2 concentrations. Another example, 
without oxygen is: 

The reaction of unsaturated species to form oligomers and polymers is typified by: 



CF 3 + 

CF 3 + 

F + HZ 
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TO ALTER BALANCE 

• Add Oxidant (Etchant) 

Examples: O2, F2, NF3, Cl2 

Note: There appears to be a displacement effect

F"O>Cl>Br 

• Remove Oxidant or Add Unsaturates 

Examples: Loading (Consume by Etching) 

Add Hydrogen 

• Surfaces May Play These Roles 

Examples: Carbon electrode --+) CF x 

EFFECT OF H2 ADDED TO A CF4 DISCHARGE 
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SUMMARY OF ETCHING WITH UNSATURATED 
FLUOROCARBON PLASMAS 

Materials Gases Anisotropy Selectivity 

SI Partially anisotropiC -
at low pressure, 
high Ion energy 

CF4, C2Fe, C3Fe, Anisotropic at high 
CF4, or C2 Fe with Ion energies 
H2, CH4, C2H2' or 
~H4 additions 

High over Si and 
!II, V compounds 

High overTI 

High over V 
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PLASMA ETCHING OF Si02 

CONDITIONS ETCHANTS RATES/PROFILE 
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ION·ENHANCED ANISOTROPIC ETCHING OF Si02 
IN LOW-FREOUENCY F·ATOM PLASMAS 
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III-V COMPOUND ETCHING 

- CHLORINE AND BROMINE ETCHANTS 

- ION ASSISTED AT VERY LOW PRESSURE 

- GAAs ETCHED CHEMICALLY AND CRYSTALLOGRAPHICALLY 
AT INTERMEDIATE PRESSURE 

- LARGE ACTIVATION ENERGIES AT INTERMEDIATE PRESSURE 
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4. PLASMA - WALL INTERACTIONS 

Dr. Peter C. Zalm works at the Philips Research Laboratori~s, 

Eindhoven, The Netherlands. His principal interest is the in

teraction of high speed particles with solid surfaces. 
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PLASMA-WALL INTERACTIONS; CONSEQIJENCES 

1. Introduction 

P.C. Zalm, 
Philips Research Laboratories 

5600 JA Eindhoven - The Netherlands 

In these lecture notes we will describe and discuss elemen

tary processes occuring at solid surfaces immersed in low pres

sure plasmas. Many causes for an observed directionality in 

etching have been identified - crystal orientation preferentia

lity, ion-. electron- or foton- bombardment induced decomposi

tion of polymerized adsorbates from the gas phase, etc. There is 

overwhelming evidence. however, that in the majority of cases 

where anisotropy was obtained in plasma etching ion bombardment 

of the surface to be etched played a crucial role. For this 
reason we will concentrate on the various phenomena accompanying 
ion bombardment and we try to explain their possible influence 
on directionality. For an extensive review the reader is re

ferred to ref. [1]. The basic problem, which hampers the under

standing of the interaction of a glow discharge with a solid. is 

the complexity of the whole system. Even in the simple case of a 

noble gas plasma environment we have to acknowledge the fact 

that both neutral atoms, a fraction of which may be in an ex

cited state, ions, electrons and photons impinge on the surface 

simultaneously. Usually their fluxes and energies, if appro
priate, are unknown and may vary with time. The use of gas mix

tures, containing (fragments of) molecules, further complicates 
the situation. 

An obvious way to circumvent, at least partially, the problems 

sketched above is to simulate selected process details by 
letting directed beams of atoms (molecules) and/or ions or elec

trons of well-controled compOSition, flux and energy impinge on 

a surface in an otherwise UHV environment. Many authors have 

taken this phenomenological approach and with quite some success 
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advanced our knowledge, as we will see below. With certainty, 

however, by far not all aspects of the mechanisms contributing 

to anisotropic plasma etching have been uncovered. Because of 

the very nature of such a limited simulation set-up synergistic 
effects and the influence of trace contaminants cannot simply be 
accounted for. 

2. The interaction of low-energy ions with solid surfaces 

When ions emerging from a plasma can reach and bombard the 

surface to be etched their energy is usually in the range of 

~OeV to 3keV. Furthermore we may assume that for most practical 

purposes the ions have their velocity parallel to the surface 

normal. The latter assumption would only be invalid if dimen

sions of surface topographical features (masks etc.) become com

parable to the plasma sheath thickness. 

2.1 NEUTRALIZATION AND SECONDARY ELECTRON EMISSION 

For small kinetic energies the ion neutralization probabil

ity near a surface is close to unity. The underlying mechanisms 
are: 

(1) resonance type processes whereby an electron is transferred 

from the solid into an equivalent energy level in the ion 

(and back): 
(2) de-excitation via an Auger transition involving two elec-

trons. 
Radiative decay processes are negligible because the lifetime 

for radiation (N 10- 8s) is long compared to the time spend near 
(~5A) the surface. In Auger neutralization, schematically de

picted in fig. 1, one electron tunnels from the solid into the 
ground state of the ion while a second (valence or conduction) 

electron is simultaneously excited. The latter acquires the 

energy released upon neutralization and may escape from the 

target if it has sufficient momentum perpendicular to the 
surface. As a consequence the maximum kinetic energy of second

ary electrons generated in such an Auger process is predicted to 

be E; - 2~(ion;zation energy minus twice the work function of 
the solid) in excellent agreement with experiment [2] as can be 
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seen in fig. 2. 
At low ion energies ('lkeV), the total secondary electron yield 

is observed to be almost constant (fig. 3 taken from ref. [2]). 

A fairly accurate (,., 25%) estimate of the electron yield in this 

so-called potential electron energy (PEE) regime - i.e. where 
the potential energy of the incoming ion dominates the secondary 

electron generation - is given by 

¥PEE .= !~ (0.8 Ei-2Y) . (J) 
At higher projectile energies, the excitation of weakly 

bound electrons in the solid through energy transferred from the 

penetrating particle - governed by the electronic stopping cross 

section - becomes an additional source for secondary electrons. 

This kinetic electron emiSSion (KEE) mechanism is usually not 

dominant below 3keV, as can be inferred from fig. 4. Contrary to 

PEE. many of the underlying processes in KEE are still not well 

understood and an adequate theoretical framework has not yet 

been provided. 

Although the secondary electrons are initially ejected with 

low energy ( 50eV) they may be accelerated over the plasma 

sheath away from the surface. Then these electrons can ionize 
atoms or molecules present in the reactor. thereby sustaining 

the gas discharge. This is especially important in RF plasmas 

driven with a frequency below the ion plasma frequency fi(= 
V n ~ e 2 / mi. E ~ / 21f ). 0 n 1 y at the lowes t gas pre s sur e sus e din 

plasma etching (~10-3 Torr) the secondary electrons will be 
able to impinge on the reactor walls, where ternary generations 

of electrons can be created. 

It will be obvious from the above that the secondary electrons 

playa significant role in the whole plasma scheme. 

2.2 PHENOMENA ACCOMPANYING ION PENETRATION 

Except for very light ions (e.g. H+ or He+), the slowing 

down mechanism upon penetration is dominated by kinetic energy 
loss of the ion in a series of binary collisions with target 
atoms initially at rest, in the energy range discussed here. 

This is called the elastic or nuclear stopping reqime. In this 

process a number of fast recoils can be created which in turn 

set other target atoms in motion. A collision cascade develops 
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and a continuously increasing number of progressively slower 
particles results until transferable energies become less than 

the displacement threshold (~5-10eV). The time scale is of the 

order of 10- 13 s. The collision cascade is finally damped by en

ergy dissipation through e.g. phonon-assisted processes reQuir

inq typically about 10-l2s to set in and lasting about la-lI
la-lOs. Until that time we have a locally "superheated" zone, of 

the order of the cascade volume around the ionls track, in which 

all atoms are agitated and move about with energies of the order 

of electron volts. Although the very concept of temperature is 

somewhat nebulous in this situation - an estimate would be TN 
J04K -, enhanced diffUSion, mixing and segreqation of components 
present in or adsorbed onto the surface will occur. 

At the lowest energies (,$'lOOeV) the projected range, i.e. 

the penetration depth along the direction of incidence, is of 

the order of only IDA. The energies are too small to generate a 

collision cascade of displacements and effectively ion bombard

ment results in deposition. Even at room temperature epitaxial 

growth may be invoked in this way, because the deposited energy 

locally results in enhanced surface diffusion to favourable lat
tice sites. For the highest energies encountered in practical 
pl asmas (N 3keV) the projected range of the ions can be some 

IOOA. depending on the particular projectile/tarqet combina

tion. Radiation damage, inevitably accompanying ion bombardment, 

has been observed to extend to depths 3 - 10 times the ion 

range. As damage may affect electronic properties of the etched 
surfaces it could be desirable to remove such regions by an ad

ditional short plasma effluent or chemical wet etching step even 

if such a process would be isotropic. 

During the collision cascade development chemical bonds be

tween target atoms are continuously broken. These are reestab
lished later, leading sometimes to the formation of new com

pounds with mixed-in adsorbed species or with the incident par

ticle itself if it is chemically active. [For example, silicon 

bombarded with nitrogen ions will form silicon nitride.! Thus, 
molecules volatile at the substrate temperature could form, a 

potential source for etching. Also ion-induced desorption may 

take place. 
Finally sputtering. the ejection of target particles durinq ion 
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bombardment, occurs. The latter process is considered extremely 

important in anisotropic plasma etching. Therefore an entire 

section will be devoted to this subject. 

Of course the impinging particles can reflect from the sur
face back into the plasma. For projectiles with a mass heavier 

than that of the target atoms and energies in excess of some 

lOOeV the reflection coefficient is usually fairly small. Only 

for very light ions it may be substantial, as can be inferred 
from fig. 5. Even if the reflection coefficient is small this 
does not necessarily imply that the trapping probability in the 

target is high, because subsequent ion bombardment is very ef

fective in releasing previously implanted inert gas. Only if the 

implanted species can form strong bonds with the target atoms 
(either by chemical or dipole Van der Waals-type interactions) 

its retention may exceed the few percent level. 

In the case of molecular projectiles incident on a surface 

the dissociation probability will be close to unity at energies 

above ca. lOOeV, because the energy transferred in the first 

collision is generally high compared to the internal binding en

ergy of the molecule. The chemical reactivity of the constituent 

atoms is often much higher than that of the complete molecule. 
{For example, Si does not react with C12 at room temperature but 

does so stronqly with Cl atoms.} Thus molecular ion bombardment 

of surfaces can produce significant quantities of chemically re

active atoms and radicals both through bond-breaking in adsorbed 
molecules and by fragmentation of the incident projectile it

self. 

3. The interaction of (excited) neutrals and electrons with 
solid surfaces 

3.1 (EXCITED) NEUTRALS 

We can be brief about the role of excited neutral (frag

ments of) molecules. Contrary to chemical reactions in the gas 
phase, which are known to be strongly affected by electronic ex

citation of the interacting species, their role is insignificant 
in plasma-wall interactions. The reason lies in the highly effi

cient Auger de-excitation processes "neutralizing" the molecules 
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internal energy efficiently when it approaches the surface, as 

discussed in subsection 2.1. All that can possibly be expected 

is that by ejection of electrons originally bound to target at

oms decomposition and finally desorption of molecules present in 

the surface might take place. Given the relative unimportance of 
the electronic excitation energy we will from here onward only 

consider the behaviour of neutral atoms or molecules from the 

plasma in a general sense, ignoring internal energies of such 
particles. 

Even if the atomic constituents of a molecule are highly 

reactive, given a certain surface composition, the molecule it

self might not interact with the target. Dissociative chemisorp
tion will only occur if the sum of the binding energies of each 

atomic constituent to the surface exceeds the molecular dissoci

ation energy. For this reason several gases commonly used in 

plasma etching, as e.g. CF4, C2F6, CF3Cl, CF2C12. CF3H, CC14, 
are surprisingly inert on almost all surfaces. Their sticking 

probability is low and consequently the surface residence times 

of such molecules will be very small (NIO-6 s ). This does not 

necessarily imply, however, that the steady-state coverage may 

be neglected. For pressures of the order of 10- 2-1 Torr - all 
but uncommon in plasma reactors - and high electron and ion 

densities in the plasma bombardment induced dissociation can 

still be important as we will see in subsection 3.2. 

In realistic plasmas not only complete molecules from the 

parent gas will be present but neutral molecular fragments and 

radicals abound. Tn the absence of strong evidence to the con

trary, it should be assumed that radicals have reasonably large 

sticking coefficients and that they will react with the 
surface. {For example. CF4 does not stick on Si, but CF xS1 does 

so with a probability of 0.08-0.l5!.} Moreover, charged particle 
bombardment-induced modification of the surface too may alter 
the adsorption behaviour of molecules in a plasma environment. 

It should be noted that for molecular gases not all of the con

stituent atoms will necessarily always lead to a favourable 
reaction with the substrate atoms. Part or even all of the 

effects of the desired component may be counteracted by another. 

If a gas as such does react spontaneously with the surface, 

several options exist. When the reaction leads immediately to 
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volatile products, which desorb quickly, (rapid) isotropic etch

ing results. Etch selectivity, i.e. the preferential removal of 

one type of atoms present on the surface to be etched, is likely 

to be high. Generally an adsorbed gas layer on top of the partly 

reacted surface will form. The depth to which this altered layer 

extends depends on the reactive gas flux, the removal rate by 

desorption and/or volatile product formation and the diffusion 

through this layer. {For example, C12 only chemisorbs dissocia
tively on the very surface of Si, whereas for F2 there is evi

dence that it not only reacts and etches directly but also that 

it penetrates to a depth of several monolayers.} Of course reac

tions may take place leading to stable compound formation (e.g. 

corrosion effects). 

Of course the chemical bonds formed will affect any sput

tering action of the ions originating from the plasma. If the 

"structure" of the reacted surface layer is akin to a "Van der 

Waals" type solid. of more or less independent molecules. a 

sputtering yield enhancement results. When it resembles a 

~glassy" solid, with bond cross-linking, a reduction in sput

tering yield may be observed. The former case is expected for 
monovalent reactive gas atoms, whereby upon reaction a single 

bond with a target atom replaces an atom-atom bond in the sol

id. Multivalent atoms from the reactive gas are more likely to 

form cross-links. 

3.2 ELECTRONS IMPINGING ON THE SURFACE 

Energetic electrons can excite electrons bound to target 

atoms. The creation of such so-called core holes may lead to a 

breaking of the chemical bond between atoms in or on the target 

surface. Thus, electron-bombardment-induced dissociation of ad

sorbed molecules might take place. For example. it is known that 
Si3N4 and Si02 do not react spontaneously with XeF2.{Note: XeF2 

is a white solid with a high vapour pressure. When incident on a 

solid surface it immediately dissociates in Xe. which desorbs 
instantaneously, and F2. The advantage of using XeF2 instead of 

F2 gas is that less precautions are required during e.g. trans

port.l Simultaneous exposure to an electron beam, however. re
sults in rapid etching, because of electron induced F2 dissocia-
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tion (see fig. 6). 

The possible bond-altering action of ion bombardment can 

also lead to target decomposition. For example, when Si02 is 
bombarded with electrons it decomposes into silicon and, vola

tile, oxygen. In contrast, exposure of Si to an electron beam in 

the presence of oxygen causes the 02 to dissociate and promotes 
atomic oxygen into the bulk material thereby creating a surface 
oxide. 

The cross sections for electron stimulated desorption on 
most surfaces are usually much smaller than for comparable gas 

phase processes involving electron induced dissociation and dis

sociative ionization. Nevertheless we believe gas-solid chemical 

reactions, which happen only in the presence of ion or electron 

bombardment, are widely occurring phenomena in a plasma environ

ment. 

4. Some aspects of sputtering 

4.1 THEORY FOR ELEMENTAL TARGETS 

Perhaps the best founded, and with certainty the most 
widely applicable, theory of sputtering of elemental targets by 

atomic projectiles has been formulated by Sigmund [3J. On the 

basis of linearized Boltzmann transport equation to describe the 
collision cascade in a semi-infinite and random medium he 

arrived at an expression for the backward sputtering yield at an 

ion energy E given by 

Y(E} =AFo{E,x=O). ( 2 ) 

Here FO stands for the amount of energy deposited at the 

topmost atomic layers of the surface (x,:: 0) in the form of 

target atomic motion. A is a material parameter encomprising the 

angle-, depth- and recoilenergy - averaged escape probability 
for target atoms set in motion in the cascade. FO is linearly 
proportional to the (reduced) nuclear stopping cross section 

evaluated at the surface and 1\ is inversely proportional to a 

surface escape barrier (usually taken to be equal to the 

sublimation energy). 
The assumption underlying eq. (2) are known to break down for a 
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number of cases. For a full account of these the interested 

reader is referred to ref. t3). In the energy regime discussed 

in these notes it suffices to know that the results of eq. (2) 

are invalid for low incident ion energies (~100eV) and for 

light ions, where the energy transferred is insufficient to al

low a proper collision cascade development. Several alternative 

approaches have been proposed to deal with these light ion and 

so-called threshold energy regimes, none of which are theoreti

cally fully convincing although often satisfactory from a prac

tical point of view. 

For numerical evaluation eq. (2), in the case of perpendi

cular incidence, can be recast into the form 

( 1 ) 

where Cpt and Ept are characteristic constants depending on pro

jectile and target parameters (viz. atomic number, mass and tar

get atom sublimation energy Uo in (eV]). These are given by 

( 4 ) 

applicable for i1' ~Zt/Zp ~ 5, which is rougly the region of va
lidity of the theory itself, and the exact expression 

E 1:.:' ..l- (I ..... ~ ) ~ ~t. (~1.p~+ ~~-'1)Yt. [ke V]. 
P 32S Mt P 

The reduced nuclear stopping cross section Sn(E) has been 
estimated reliably as 

( 5 ) 

( I) ) 

For incidence at an angle e with respect to the surface 

normal theory predicts a rise in yield proportional to cos-n~ , 

with 1(n(2, because the energy deposited in the outermost atomic 
layers (FO in eq. (2)) increases. Experimentally such a depen

dence on ~ is observed to hold to about 45°, then the yield 
flattens off to a maximum at 70° ± 10° (of Y (Imax)/Y(OO) 
3-10) and rapidly drops to zero when' approaches 90° (qlancinq 

incidence), presumably because of particle reflection. Some 

examples are given in fig. 7. 

Equations (3-6) have proven to be highly successful in pre-
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dicting both the functional form of the energy dependence and 
the scaling with projectile or target parameters of the yield 

for ion energies exceeding a few hundred electron volts. Also 

the estimate of the absolute magnitude of the sputtering yield 

often aqrees well with experiment. As an example the experimen

tally observed yields for noble gas ion bombardment of Mo in the 

energy range of 0.2-20keV, divided by Cpt, are shown in fig. 8 

as a function of reduced enerqy E. = ElEpt. Indeed the Sn{£) cur
ve is closely followed. However, for high target-to-projectile 

mass ratios (e.g. Ne+ on Mo) and also for heavy ions on heavy 

mass targets (i.e. Mp. Mt~ 60) the value of Cpt required to fit 
the experimental data has been observed to be lowered, sometimes 

by as much as 50%. relative to the theoretical value of eq. 

(4). Consequently the theory should be treated with some 

caution. A compilation of experimental sputtering yield data for 

atomic ion bombardment of elemental targets, along with a compa

rison with theory and some additional information is given in 

ref. [4]. 
In order to circumvent the threshold problems in the low 

enerqy range « 0.5keV) discussed previously and to extend the 

use of eqs. (3-6) to this regime as well, the following empiri
cal rule-of-thumb approach may be taken. Subtract from the yield 

calculated from eqs. (3-6) the value evaluated at the threshold 

energy Eth. which for practical purposes may be estimated as 

Eth::t 8Uo for] Is ~ Zt/Zp ~ 5. 
Strictly formally there is no theoretical foundation for such a 

forced ad hoc introduction of a threshold but it usually works 

well. {AS Sn(E) can be approximated by Sn(£.)=fffl at low 
energies (~1 keY) a crude but simple estimate for the yield, at 

perpendicular incidence. including threshold effects can be ex

tracted from eqs. (3-6) as 

Y ( E) :::. lu
o

' fit ( fE- 0 • 09 ITo ) 
which, with E in [keY) but Uo in [eV], is valid to within 25% 

for 0.2~Zt/Zp ~ 5. This expression shows that the yield is not 
very dependent on projectile parameters other than incident 

energy.} 

Let us now turn to sputtering of elemental targets by com

plex molecular ions. As argued before, the molecule will fraq-
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ment into its constituents upon impact on the surface at almost 

every energy (~lOOeV). Its a consequence the atoms will individ
ually penetrate and invo ke a cascade. The total sputtering 

yield of the molecular ion may be taken as the sum of the yields 

of the individual constituents, as non-linear effects will be 

small in the energy range discussed here. The velocity of the 

atoms, originally forming the molecule, can be assumed equal to 

the original ion velocity - i.e. Eatom = matom/mmolecule.E;on -
because the energy transferred in the first collision, although 

high compared to the molecular binding energy, is on average low 

with respect to the kinetic energy. Atomic sputtering yields may 

be taken from the compilation of experimental data [4], if avai

lable, or from the theoretical estimates, eqs. (3-6). The latter 

leads to the approximate result 

(7) 

with 

( C • E) Mt = ~ (C, E ) Pit ( 8 ) 
where M stands for molecule and the sum is over all constituent 

atoms. Equations (7, 8) imply a "Sigmund"-like behaviour of the 

molecular ion yield. Thus, the characteristic constants determi
ning magnitude and energy scaling of the sputtering yield for 

bombardment with a molecule must be taken as the sum of the res

pective characteristic constants of its constituent atoms. For a 

simple cluster ion of n identical atoms eqs. (7, 8) reduce to 

Yn(E) = n Yl(E/n), a relation observed to be obeyed experimen
tally for dimer and trimer sputtering at moderate energies. 

Of course the same restrictions to the validity and use of eqs. 

(7, 8) apply as for eqs. (1-6), its theoretical "background". 

Experimental verification of eqs. (7, 8) is hampered by the fact 
that in practice molecular ions always contain chemically re

active atoms. for which the Simple sputtering theory may not 

apply as will be discussed in the next subsection. 

For compound targets current understanding of sputtering is 

still very imcomplete and a satisfactory theoretical description 
is largely lacking. The theoretical and experimental situation 

is reviewed in ref. (51. The major problems encountered ;n a 

description of the processes involved are preferential sputter

ing of one of the components and ion-induced segregation and 
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diffusion. As a consequence the dynamics of the sputtering pro

cess must be modeled in order to understand the experimental si

tuation. Time-dependent Monte-Carlo computer simulation codes 

have been developed to deal with this situation. Remarkable suc

cesses have been reported but, because of the particulars of a 
specific projectile/compound target combination, these have had 

little impact in the uncovering of underlying generalities. In 
spite of the conSiderable computational cost and modeling diffi
culties, related to the weighing of the various potentially com

peting phenomena, most future progress is expected to come from 

such simulations. In the mean time sound experimental data must 

be collected for particular, technologically urgent, cases. 

4.2 SPUTTERING WITH REACTIVE IONS 

Even in the absence of a possible chemical reaction between 

target and projectile atoms the trapping of the implanted spe

cies can result in a complicated behaviour of the sputtering 

yield, because of the alteration of the energy deposition, ef

fects on chemical bonds, amorphization or even gas release. { For 
example, for noble gas ion bombardment of Si the yield is found 
to increase with fluence to a steady-state maximum attained 

around lo15ions/cm2.1 Consequently the predictions of the sput

tering theory discussed in the previous subsection do certainly 
not apply to bombardment with reactive ions, showing a high 

trapping probability. in an energy and dose regime where the 

sputtered depth extends to over the projected range of the ions. 

An increase in the yield, relative to the predictions of eqs. 

(3-6), may follow from weakening the bonds - lowering of Uo , the 
surface escape barrier -, enhanCing the deposited energy density 

- FO(E), the kinetic energy transferred to target atom motion 

at the surface - and formation of volatile reaction products. 

{ThiS situation probably exists in~ for example, 5i bombarded 
with F+ ions which might lead to SiF4 formation.\ In reverse, 

similar arguments can be put forward to expect a yield decrease 
for specific prOjectile/target combinations. ~ For example, Si 

bombardment with N+ or N2+ ions results in silicon nitride for
mation, a material with a higher resistance to sputtering than 

Si itself.] 
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The most systematic investigations on Reactive Ion Beam Et

ching (RIBE) in relation to plasma processing has been carried 
out by groups at IBM (Coburn, Winters and co-workers, see e.g. 

refs. [1. 6J) and Hitachi (Miyake, Tach; and Tokuyama et. a1., 

ref. [7J), although many others have also contributed substan
tially. Almost all of these experiments were centered around 

ions of halogen - or halogen containing molecules incident on S; 

or its compounds. Often the sputtering yield obtained with such 
projectiles is related to the yield of comparable mass noble gas 

ions to show or deduce "chemical enhancement effects". This pro

cedure has been subjected to critique, however, on the basis of 

the arguments leading to eqs. (7. 8) and general comments per

taining to the effects accompanying reactive ion implantation, 
as discussed before. Although the pioneering efforts by the IBM 

group are recognized, we will briefly summarize the general fea

tures observed in RIBE taking data from Hitachi as an example. 

The latter were obtained with mass-selected and energy-analyzed 

ion beams thus allowing for an easier interpretation. 

In fig. 9 the observed [7J energy dependences of the 

steady-state sputtering yields, of all possible projectiles re
sulting from ionization of CF4, of Si bombarded at normal inci
dence are shown. As carbon ions are seen to be deposited onto or 

incorporated into the Si at all energies, also the curve for F+ 
on elemental C is included. 

First consider the results for 19F+ or 20Ne+ on Si. The physical 
sputtering yield of both ions should be roughly equal according 

to eqs. (3-6). 

Thus, the observed yield increment of about 0.15 Si atomS/ion 
for F+ relative to Ne+ was attributed to SiF4 formation. As 
stated before, however, other arguments could apply - e.g. an 

increase in FD(E) or a decrease in Uo due to F+ implantation, 

to keep in line with the language of eqs. (2-6) - and actually 

can explain the observations. Similar results were obtained in a 
comparison of Si sputtering yields for 35C1+ and 40Ar+ ion bom

bardment, where also incorporation of C1 in the top atomic 
layers of the Si was observed. Thus, one must rightfully con

clude that the chemical role of the reactive ion bombardment is 

not merely to stimulate the reaction path leading to volatile 

product formation. 
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The trends observed for these and other reactive atomic ion ele

mental target combinations can be summarized in the following 

very crude rule-of-thumb estimate for the expected chemically 

induced yield enhancement or reduction, relative to the compara
ble mass noble gas ion result or the prediction of eqs. (3-6): 

i)~Ychem ~ + alb. if projectile P and target T can form a vola-

tile compound TaPb.lNote: $to account for particle reflec
tion and sputtering.}; 

ii)AYchem ~ - b/(a+b).Yphys. if the product TaPb is involati
leo \Note: - because it is only an order of magnitude estima
te of the effect.} 

For all molecular (-fragment) ion bombardments studied to date 

it has been established that the observed sputtering yields lie 

below the theoretical predictions of eqs. (7. 8), the "fragmen

tation-into-it1s-constituents" sum rule. 

In fig. 9 the comparison is made for CF2+ on S1 (~the gi

ves the estimate of eqs. (7. 8). The reason is fairly simple: 

deposition or incorporation of one of the constituents is not 

accounted for by the theory! Consequently part of the other mo
lecular constituents (F in this case) are needed to scavenge the 

deposit. Attempts have been made to account for this by using 
experimental elemental yield data in approach otherwise somewhat 

analoguous to the one leading to eqs. (7.8). In the case of 

CFn+ on Si, such an experimental fragmentation sum rule would 
read 

v (e)
tF~Si. -

h 

+n.~. y I r; ), 
.... + c.. \" \"'\;..!! 
to..,. .), ,~ 

( 9 ) 

where experimental yield data at the appropriate energies have 

to b e ins e r ted . ~ Not e t hat Y C +_S i has a neg at i ve s i 9 n !.} I n 

fig. 9 the comparison is made for CF+ on Si (Lexp gives the es
timate of eq. (9)). but similar observations pertain to CF?,3+ 
on Si. The aqreement is especially poor at lower energies. Again 

the reason is simple: carbon deposited onto or incorporated into 

silicon differs from elemental C (e.g. through carbide forma

tion)! Thus the experimental values of YF~C are unappli-
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cable in this case. 

Finally for CF3+ on Si the yield curve in fig. 9 is compared with 

the average of the (mutually almost identical) results for Ar+ 

and Kr+ on Si (MAr=40<MCF3=69~MKr=84). We have already dis

cussed why such a comparison in in fact quite meaningless. 

For compound targets the assessment of possible chemical 

enhancement effects upon the use of reactive (molecular) ions is 

further complicated by preferential sputtering. ion-induced 
segregation and diffusion. Vet another macroscopic problem arises 

because it has to be established whether or not all constituents 

in the compound can and/or will form volatile products.\FOr 

example. when Si02 is bombarded with CF n+<'3 no carbon deposition .... 
takes place, presumably because of volatile CO formation.By the 

way, note that it has been known already for quite some time that 

for plasma-etching of Si in a CF4 discharge the results improved 

considerably if a few percent of 02 was added to the gas.l 

Again, it is impossible to give general rules for the expected 

sputtering yields of compound targets under reactive molecular 

ion bombardment. It appears, however, that observed reactive ion 

etch rate selectivities for an element and its compounds (e.g. 

yCF3+-Si/yCF3+ .... Si3 N4 or Si02) are roughly of the same order 
of magnitude as those obtained under "real" plasma conditions 

with the same type of gas. 

A major problem in RIBE simulations of plasma processes is that 

both for elemental and compound targets the absolute sputtering 
yield is usually an order of magnitude lower than the correspond

ing plasma etch rate. Consequently the basic principles under
lying plasma etching have to be unraveled by yet another type of 

experiments, to be discussed in the last section. 

5. Synergistic effects (chemically enhanced/reduced sputtering) 

It has been known for a long time that the sputtering yield 

of metals bombarded with noble gas ions is considerably reduced 

if oxygen is introduced in the vacuum system as a contaminant 
qas. The reason for this is the formation of metal oxides, with a 
low sputterinq yield, induced by ion beam mixinq of adsorbed 
oxygen into the top atomic layers. Surprisingly, the reverse si

tuation of a yield enhancement by simultaneous exposure to a 
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reactive gas flux has begun to be explored only in the last de
cade. Pioneering work in this area was again carried out by the 

IBM group (Coburn and Winters et a1., ref. (8]). They showed 
that the etch rate of Si bombarded with Ar+ions in the presence 

of XeF2 gas is enhanced by more than an order of magnitude when 
compared with the individual actions of either ions or gas sepa

rately. Fig. 10, taken from this work, has become a classic in 
the field. It was immediately recognized that these findings 

were very important for (anisotropic) plasma etching and that 

probably one of the fundamental processes had been uncovered. 

This initial success prompted many other research groups to 

start investigations along similar lines. Below we try to summa
rize their results, which allow for a qualitative understanding 

of synergistic effects of combined exposure of a surface to ions 

and a reactive gas flux. Some general results can now be given, 

but a quantitative description of etch rate enhancement or re

duction awaits future developments. 
Although obviously etch rates attract the direct attention, 

most of our understanding about the mechanisms in chemically as

sisted sputtering (or ion beam induced etching) stems from the 

study of the resultant reaction products. In particular the in

vestigation of the emitted products' compositions and, perhaps 

even more significant, the kinetic energy distributions of the 

ejected particles as a function of ion energy and reactive gas

to-ion flux ratio has been foremost important. In fig. 11 the 

experimental set-up is shown which was used to measure these 

quantities in the Philips-AMOLF collaboration (see ref.[91). A 

target (6), mounted on an oven (5) capable of heating the sample 

up to 1000K. is flooded with reactive gas from an inlet (7). 

Mass and energy selected ions from a source {1-4} impinge on the 
surface at an angle of 60°. Neutrals emitted from the target 
perpendicularly within a solid angle of 10-4sr pass a charged 

diaphragm (8) and are ionized (9) just ;n front of the entrance 

of a quadrupole mass spectrometer (10). Here the freshly formed 

ions are mass analysed and detected by an electron multiplier 
(11). Time-of-flight distributions can be measured by electroni

cally modulating (3) the ion beam pseudo-randomly and coincident 

detection. Correlation techniques are used to unveil the parti

cles ' energy distributions. Only those signals, sufficiently 



4-17 

above background, are detected which stem directly from neutrals 

ejected during ion bombardment. Corrections for velocity depen
dent ionization efficiency and flight time from source or to de

tector are applied in later off-line analysis. 

When silicon is exposed to a chlorine beam. no spontaneous 

reaction takes place. Above a target temperature of 100 Q C etch

ing starts to become significant, the reaction product being 

5;C'4' At temperatures in excess of 800°C, removal of silicon as 
SiC12 dominates [91. It has been proven unambiguously, however, 

that when 5i is bombarded with Ar+ions in the presence of a C12 

gas flux on the target - such systems will be denoted by 

Si(C12~Ar+) from here onward - $i, C1, SiCl, SiC12 and (re-emis

sion of previously implanted) Ar as such are ejected from the 

surface in roughly equal amounts under certain experimental con

ditions [9J. These particular products themselves already cast 

serious doubts about the possibility that the role of the ions 

would be merely to stimulate the thermal reaction path by local 

heating of the surface upon impact. Observed "sputtering" yields 

for the Si(C12,Ar+} system exceed normal Ar+ yields of 5i by a 

factor of about 5, which constitutes yet another argument 

against such a process as a "superheated" cascade volume would 

have to small a surface area « 100A2) and exist too short 

«10- 11 s) to explain the observations. 

The strongest argument against a mere assisting role of the 

ions stems from the kinetic energy distributions of the reaction 

products. For a "thermal" behaviour the energy distribution 

would have a Maxwell-Boltzmann (MB) like shape, i.e. 

~MB(E)~E exp(-E/kT), (10) 

with T either the substrate temperature, Ts ' or the temperature 

of the superheated zone, TLTE. in a Local Thermal Equilibrium 

type approximation. In any case T should be the same for all re

action products ejected. 

In a normal physical sputtering or collision cascade (C-C) model 

the kinetic energy distribution, for elements emitted perpendic

ularly to the surface, is given by 

( 1] ) 

where Uo is the surface escape barrier for the particular pro

duct emitted, which is usually identified with the particle's 
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binding enerQY inside the solid. i Note that for ejected (frag

ments of) molecules eq. (11) is only valid up to its dissocia

tion energy, Ed. The asymptotic roll-of at high ejection ener-
g i e s (E >'> Ed) b e com e s rt. E Il - fitl'\ , w her e n i s the n u m b e r 0 fat 0 m i c 
constituents.} 

The experimentally observed kinetic energy distributions of 

products ejected in the Si(C12;Ar+) or Si(XeF2;Ar+) systems are 
more complicated than eqs. (10) or (II) suggest. In general, 
however, the major part of a spectrum follows the predicted col

lision cascade behaviour of eq. {11}. An example is given in 

fig. 12, which shows both the raw time-of-flight data and the 

extracted energy spectrum for SiCl from S;(C12,5xl014/cm2s; Ar+. 

3keV,5x10 16 /cm 2s). A low energy MB contribution at Ts is some

times observed (curve 1). which is believed to be due to molecu

les released from the bulk by desorption out of the void tunnel 

along the ion track. This contribution, if present at all, is 

always less than 20% of the total. A high temperature LTE-type 

MB contribution (2) can at best explain only the medium or the 
high energy part of only a single individual product1s spectrum 

and certainly not the spectra for all products simultaneously 
with one TLTE' fitting the kinetic energy distributions with 

the CC predictions (see e.g. curve 3 in fig. 12 but remember the 

note following eq. (11)) gives good agreement. The extracted 

"binding energies" Uo for all individual products emitted, under 

the conditions valid for fig. 12. are: Uo(Si)~4eV, sliqhtly 
below the sublimation energy of silicon: Uo(Cl)~2eV, typical for 

Si-Cl bond energies; Uo(SiCl1,2)~0.4eV, indicative for the 
interaction of a highly polarizable molecule with a solid; 

llo(Ar):::-0.05 eV, typical for the Van der Waals binding energies 
of a noble gas atom in a solid. 

These observations reveal a very important aspect of the 

role of the bombarding ions. Obviously mixing of adsorbed spe
cies into the topmost atomic layers takes place. {SiC11'2 mole

cules with their observed low binding energies of only 0.4 eV 
could never have resided on the surface: they would simply 

desorb instantaneously! For the Si(C12;Ar+) system it has been 
established independently that C1 exists inside the outermost 

atomic layers.} The mixed-in reactive species will form bonds 
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with the target atoms, thereby "weakening" the solid. {ThiS ex

plains the reduction of Uo{Si) in the Si(C12;Ar+} system rela

tive to the sublimation energy.} In turn this enhances the 

sputtering yield, cf. eqs. (3-6). 

Both mixing efficiency and sputtering yield increase with 
the deposited energy (as target atom motion) distribution func

tion FO(E). cf. eq. (2), which in turn increases with energy 
roughly ~~ in the range discussed here. Many different regimes 
exist depending on whether the rate of mixing is faster, slower 

or comparable to the removal rate. lrhe reactive gas-to-ion flux 

ratio will largely de_rmine the particular situation one will 

be in, with the exception of rather special cases where the che

mistry is radically different from the usual situation. {For ex

ample, in Si(F2 or XeF2; noble gas ion) mixing of F into the Si 

is spontaneous, even on the absence of ions, because of fluorine 

diffusion. For Si(SF6; noble gas ion) at room temperature only 

normal physical sputtering occurs because the surface coverage 
with SF6 is negligible as it will not stick. At -200°C a thick 

condensed SF6 layer will form and we have essentially sputtering 

of frozen CF6 gas! } Some typical examples are given in figs. 13 

and 14. 

6. Conclusions 

In these lecture notes we have discussed elementary processes 

occuring at solid surfaces immersed in low pressure plasmas. The 

importance of charged particle impingement onto targets was 
stressed. In particular the role of synergistic effects, by si

multaneous exposure of a surface to a reactive gas beam andener

getic particle bombardment, for plasma etching has been emphasi

zed. Although it is easy to comprehend the physics underlying 

the observed phenomena, little predictive power emerges from the 

remarks and conclusions presented in these pages because they 

are not readily transferable to processes taking place under re

alistic plasma conditions. Our intention was only to give you 
some broad views about what might be going on. All we tried to 
do is make you aware that there are no obvious conclusions which 

can be drawn in advance, when starting with a novel plasma. 

lSome examples: (i) The presence of ions not necessarily implies 
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loss of etch selectivity. Si bombarded ions in the presence of 

F2 gas etches faster than with only either one, whereas F2 inhi

bits A1 sputtering by ions. (ii) The presence of ions does en

hance directionality, but etch anisotropy may nevertheless be 

small because of other rapidly etching constituents in the plas

ma (see e.g. fig. 15).} The influence of plasmas on polymers 
(resists, masks etc.), although recognized as an important 

topic, has been carefully avoided in these notes for two rea
sons. First of all the matter is highly complicated and by far 

not as well established and investigated as simple elemental or 

compound solids. Secondly, the author1s complete ignorance in 

this field must be mentioned. 
Finally, one remark seems appropriate. It must be acknowledged 

that no justess has been done to many excellent contributions in 

the field of plasma-wall interactions. The list of references is 

far from complete and only intended to give you an entree in the 

literature. The urge for brevity necessitated the present ap

proach. To those learned colleagues, who happen to stumble upon 

these notes, I humbly APologize for my mischiefs. 
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';ill. 1 Auger neutra1i7.ation of an ion at a metal 
\urface presented schematically. E,(e) is the 
k inelk energy or an electron observed outside 
the melal 4> i" the work function and E' the 
ioniTAlllOn energy. IE; < E, where E, i~ the 
energy needed to ionize an atom in free space.) 
Z is the eli,lance of the ion from the surface. 

Fig. 1. Schematic diajl,ram illustrating resonance neutralization of an ion (transition I) or resonance 
ionization of an excited atom (transition 2) at a metal surface. Transition I can occur only at energy 
le\lels wh~ch are filled inside the metal and transition 2 atlevcls which are empty. (A similar ligurc 
was publtshcd ttl Ref. 5). b. Schematic diagram illustrating Auger dc-excitation 01 an excited atom 
at a metal surface. The exchange transition is indicated by the full lines, while. the process not 
involving electron exchange between the metal and the atom is indicated by the dashed line~. 
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BASICS OF REACTOR DESIGN 
C.A.M. de Vries and A.J. van Roosmalen 
Philips Research Laboratories Einhoven, The Netherlands 

1. Approaches and concepts 
A large variety of reactors is in use for plasma assisted 

etching and deposition. In order not to complicate things too 
much the emphasis of this lecture will be mainly on etching, but 
applications in deposition are mentioned when appropriate. On 
several places use is made of concepts and equations derived in 
the introductory talk 'Basics of Gas Discharges'. The terms LF 
(50 - 500 kHz) and HF (10 - 50 MHz) also stem from that lecture. 

The first dry etch reactors were based on the generation of 
chemically active species in an rf discharge with external elec
trodes, see Figure 1. No use is made of directed fluxes (ion 
bombardment) and pattern definition is strictly isotropic, as in 
wet chemical agents. The operation of such systems is more or 
less self-evident and will not be discussed here further. 

gas 

vacuum 

Fig. 1. Barrel reactor for 
afterglow processing. Typical 
conditions: p = 100 Pa; P = 
10 kW/m3. 

In 
many advance~ etch ~rocesses a substantial high-energy ion 
bombardmen~ 1S r:qu1red for anisotropic pattern transfer. This 
can be ach1eved 1n reactors with internal electrodes. Geometric 
and s¥mmetr¥ aspects ~lay an important role in such systems, 
espec1ally 1f the excltation frequency is in the HF band. 

A ~ommonl¥ used :eactor configuration is depicted in Figure 
2. Baslcally lt conslsts of a high-vacuum chamber in which two 
parallel electrodes are positioned. The top electrode and the 
chamber walls are electrically grounded: the lower electrode 
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(and substrate holder) is connected through a dc-blocking capa
citor to an rf generator (mostly 13.56 MHz). A system as in 
Figure 2 is usually referred to as a reactive-ion etch (RIE) or 
cathode-coupled reactor. Normal gas pressures lie between 1 and 
10 Pa. The ion sheaths in a 13.56-MHz discharge are capacitive, 
and large ac potentials are built up across them when rf power 
is dissipated in the system. Because the powered electrode in 
this reactor is small relative to the sum all grounded surfaces 
in contact with the plasma, the powered electrode capacitance 
will be less than that at the grounded electrode. Hence, capaci
tive voltage division takes place, 

( 1 .1) 

where V is the sheath rf peak voltage (about equal to the sheath 
de self-bias), C the sheath capacitance, and 1 and 2 are for the 
powered and ground electrode, respectively_ Writing the capaci
tance in terms of sheath thickness d and area A 

( 1 _ 2 ) 

The Child-Langmuir equation relates the positive ion current 
density in the sheath to sheath thickness and voltage. Assuming 
equal ion current density to all surfaces we get 

(1. 3) 

where x = 4 for space-charge limited current and x = 3 for 
mobility limited ion current. Combining the above equations, and 
eliminating C and d , 

vacuum 

( 1. 4 ) 

Fig- 2. Batch-type cathode 
coupled (RIE) reactor. Typical 
conditions: p = 5 Pa; P = 5 
kW/m2. 
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where x takes the same values as in Eq. 1.3. This expression is 
known as the area theorem and was derived originally by Koenig 
and Maissel (1). It indicates that the highest sheath potential 
is found at the smallest electrode. 

According to Eq. 1.4 a slight asymmetry causes a large 
potential difference. With x = 4 and an area ratio of 1.5 we 
find a voltage ratio of 5, so that the applied rf voltage is 
found almost completely across the ion sheath at the smaller -
here, the powered - electrode. A practical application of the 
area theorem is the so-called Hex reactor. Here a large area 
ratio is combined with a uniform field distribution by a concen
trical configuration of powered and grounded electrode. The name 
Hex stems from the hexagonal cathode. 

Caution should be taken in making quantitative use of Eq. 
1.4. Firstly, several of the assumptions underlying the model 
are open to discussion (2), and secondly it is not easy to 
decide what surfaces should be assigned to what electrode in 
calculating the precise area ratio. Nevertheless, the agreement 
between measured and calculated values can be good for low pres
sure - below 10 Pa - and low area ratio, say less than 1.5 (3). 

When using higher gas pressures in the system from Figure 2 
the discharge contracts and the plasma loses contact with the 
side walls of the reactor (4,5). This immediately influences the 
voltage distribution since the effective area ratio drops. At a 
sufficiently high pressure (20 - 200 Pal the voltages at powered 
and grounded electrode can be of comparable magnitude, which 
implies that high energetic ion bombardment is now also encount
ered on the grounded electrode. This leads us to Figure 3 , show
ing an anode-coupled or 'plasma etch' (PE) reactor. The fact 
that the substrates are now on a grounded surface has some 
advantaqes in handling and loadinq the system. 

RF 

vacuum 

r=========~~ 

Fig. 3. Batch-type anode-cou
pled (PE) reactor. Typical 
conditions: p = 30 Pa; P = 5 
kW/m2. 
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- -
In the systems from Figures 2-4 a dc voltage can usually be 

measured across the reactor, provided that the electrodes are 
sufficiently conductive (6). For the RIE system this voltage 
will be close to the ion sheath dc self-bias at the powered 
electrode, since the potential drop at the - large - grounded 
electrode is small. The PE system is almost symmetrical so that 
the net dc voltage is low. Note that this does not mean that the 
ion sheath potentials ara small. 

The conclusion so far is that there is no principal 
distinction between RIE and PE systems with respect to energetic 
ion bombardment. Actually, it would be more preferrable to 
speak of low-pressure cathode-coupled, and high-pressure anode
coupled instead. 

For reactors operating in the LF band we have to modify our 
conclusions slightly. Symmetry aspects do playa role, but the 
effect is much less pronounced since there is no capacitive 
voltage division. Most systems are of the type in Figure 4, with 
an operating pressure between 10 and 100 Pa. Generally speaking 
one can say that these systems are symmetrical. It should be 
noted that the full rf potential appears on each electrode 
during its cathodic cycle, this contrary to the high-pressure HF 
system where the applied voltage is split in half. This adds to 
the fact that the sheath voltages for an LF discharge are 
already substantially higher than in a corresponding HF system. 
Combined with the relatively low degree of dissociation it is 
now conceivable that high-pressure low-frequency anode-coupled 
discharges often exhibit a behavior quite similar to low-pres
sure high-frequency cathode-coupled systems (7,8). Both have a 
high energy ion bombardment and a low concentration of reactive 
neutrals. 

Etch rates in the reactors discussed so far are between 50 
and 100 nm min- 1• When used for production a number of samples 
is loaded to be etched simultaneously, typically 6 - 24. For 
this reason these systems are called 'batch' reactors. By 
increasing the power density in the symmetrical, high-pressure 
system (and lowering the frequency, if necessary), it is possi
ble to increase etch rates up to 1 ~m/min. With careful tuning 

gas 

vacuum 

HF 

Fig. 4. Single-wafer reactor. 
Typical conditions: p = 200 
Pal P : 50 kW/m2. 
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the etching can still be directional. This observation has 
opened the door to a class of reactors where only one sample is 
etched at the time, see Figure~. Individual sample handling 
and ease of automation are the main advantages of these 
so-called single wafer etch reactors; the throughput in terms of 
samples per hour can be the same as in commercial batch-loaded 
reactors. 

There exist more reactor configurations for dry etching 
than only those treated above. Some of these less-common 
systems are reviewed in the last section of this lecture. 

Many plasma deposition systems are of the same type as the 
etch reactor in Figure 3; both LF and HF excitation are used. 
Others are based on standard furnace pipes. The electrodes are 
brought in through the open end either as parallel plates or as 
an rf-driven wafer carrier. 

2. Matching networks 
Most rf generators have a fully resistive output impedance 

which matches the normal 50 or 75 ohm coaxial transmission 
lines. With a matching network it is possible to adapt the 
variable impedance of reactor and discharge to the fixed cable 
resistance. In unmatched systems large reactive currents can 
flow that do not contribute to the net power transfer. Another 
reason to use matching networks is that in high frequency 
systems standing waves can occur on the transmission line wich 
will cause losses and rf interference-and, for severe condi
tions, arcing in connectors and cables (9-11). 

A matching network is a network made of passive components 
that is put between generator and reactor to optimize power 
transfer. Assume that a load with an impedance z2 = R2 + j X2 
has to be matched to a system with open circuit voltage V and 
impedance Zl = Rl + j Xl. The power absorbed by the load is 

p = v2 R2 I ( ( Rl + R2 )2 + ( Xl + X2 )2 (2.1) 

Obviously, maximum power transfer is achieved if Rl = R2 and X2 
= - Xlf the network output impedance has to be the complex 
conjugate of the load impedance. 

We have seen in 'Basics of Gas Discharges' that discharges 
operating in the HF band (10 - 50 MHz) behave mainly capacitive 
with a small resistive component, while LF systems (50 - 500 
kHz) are mainly resistive with a small capacitive component. 
Different types of matching networks are used for both frequency 
regimes. 

For systems operating in the HF band, e.g. at 13.56 MHz, 
the L-type network (Figure 5) and the7f-type network (Figure 6) 
are used mostly. Matching can be achieved by simultaneously 
adjusting the capacitors Cl and C2. This can be done automat
ically with servomotors and a circuit that measures the phase 
angle and magnitude of the matching network input impedance 
(12). For an L-network it can be derived that to transform a 
real cable impedance zin to a complex load impedance Zout = R + 
j X , 
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l L 

Zin lout Zin Zout 
C2 

CI Cl C2 

L - ~ETWORI< IT-NETWORK 

Fig. 5. Diagram of an L-type Fig. 6. Diagram of a1T-type 
matching network. matching network. 

R = Zin / 
1. 

+ (W c 1 Z in» , (2.2) 

x = W L - 1 / W C 2 - R / ( Z in / R - 1 ) 0,5 , (2.3) 

where w is the excitation angular frequency. 
ThelT-type matching network has a wider matching range, the 

L-type invokes less blind currents because there is no closed 
loop within the circuit (11). Blind (= reactive) currents can be 
the source of significant power losses. A current of 50 A and a 
parasitic resistance of 0.2 ohm will cause 500 W power dissi
pation. In certain matching networks and network - reactor 
connectors up to 50 % of the transferred power can be lost (13). 

LF systems are often matched with a step-up transformer, 
see Figure 7. Reactive components are thus neglected and the 
output resistance is varied in steps. Note that in case no 
series capacitor is used a net current flow through the 
discharge is possible, so that no net dc self-bias can be built 
up across the reactor. Moreover, dc currents are drawn through 
the substrates to be etched which is generally undesirable. The 
same holds for7T-type networks. 

Zin :J 
TRANSFORM£R 

Zout 

Fig. 7. Diagram of a step-up 
transformer matching network. 
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3. Electrode construction 
A typical rf-powered electrode system may look like the one 

shown in Figure 8 (6). At the backside of the electrode a metal 
shield is fitted which is grounded and suppresses the occurence 
of plasmas at the backside of the electrode. The distance 
between the shield and the electrode must be less than the ion 
sheath (dark space) thickness for the applied conditions to 
prevent striking of a discharge between electrode and shield. 
Therefore the shield is commonly called the dark-space shield. 
The dark-space thickness is in principle a function of gas type, 
pressure, power input, and frequency. To be sure one can take a 
very small gap to prevent all discharge formation but now the 
reactor parasitic capacitance becomes very high, thereby induc
ing large blind currents. Moreover, dust particles can cause 
arcing. 

The shape of the electrodes and the dark space shields can 
have a large influence on discharge behavior. Sharp edges will 
cause very high electric fields, see Figure 9, which can lead to 
locally intensified plasmas, instabilities and sputtering of 
electrode materials. Holes, ports, and bolts in walls and elec
trodes can cause hollow cathode type of behavior. This means 
that electrons are catched between the high voltage sheaths on 
either side of the hole, thereby getting the opportunity to be 
bounced back and forth and increasing the local degree of ioni
zation. Also gas inlets and pumping ports are suspect. 

The materials that are used in the system are also impor
tant. Of course the materials of which the reactor is made 
should withstand the agressive environment but they must also be 
compatible with process demands. Aluminum is readily attacked 
by chlorine and must be protected by a layer of e.g- aluminum 
oxide deposited by anodization or plasma spraying. Stainless 
steel can cause problems because metals like iron, nickel, and 
chromium can be sputtered from it that are known to degrade 
silicon device performance. The electrode material, especially 
that of the powered electrode, has a large influence on plasma 
behavior, both physically and chemically. Due to the large 
variety of interactions between gas molecules and the wall the 
electrode material can have a large chemical influence if it 
reacts with the gas radicals: it can also act as a recombination 
center (14,15). Physically it can affect the plasma because of 
variations in the secondary electron emission coefficient with 
ion bombardment (16). Another important effect is backsputter
ing of small amounts of metal from the electrode to the subs
trate to be etched. These trace amounts of metal can act as a 
local mask and thus produce surface roughness. It is also possi
ble that the metal contaminant acts as a catalytic center and 
invokes surface polymerization of species from the discharge. 
This can block further etching, especially in fluorine-based 
discharges (17). 
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Fig. 8. Schematic drawing of a 
typical rf-powered electrode 
assembly. 

Fig. 9. Plot of equipotential 
lines (constant voltage 
difference) from electrostatic 
simulation of the sheath 
around the electrode assembly. 
Dark space shield is assumed 
to be at ground potential, the 
electrode at - 520 V and the 
plasma at + 60 v. 
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4. Parasitic impedances 
It is a bit unfortunate that so many plasma systems operate 

at 13.56 MHz. Frequencies in the MHz range and higher are rather 
difficult to handle from a standpoint of electrical engineering. 
We saw already that the HF discharge is mainly capacitive. The 
output impedance of the rf generator is, however, in most cases 
resistive to allow low-loss power transfer using 50 or 75 ohm 
coaxial lines. A matching network has to transform the generator 
output impedance to that of the reactor input, see section 2. 

That is where the problem begins. The match box and the 
reactor contain lots of electrical components - resistors, capa
citances, inductances - that are not directly visible. In the 
MHz range and above feedthroughs, shieldings, pipes, bolts and 
nuts, and even platework form impedances with values that cannot 
be ignored (9,10). This is caused to a large extend by the skin 
effect, i.e., the phenomenon that high-frequency electrical 
currents in conductors are forced to the surface. The nominal 
penetration depth 8 in a plane conductor is given by 

d = ( J / 7f f fA- ) O. 5 , ( 4 • 1 ) 

where J is the resistivity, f the frequency in Hz, and p.. the 
magnetic permeability. For a copper conductor the value of d is 
only 5 ~m at 13.56 MHz, which implies that in any practical 
piece of metal the current path follows contours only. 

As an example we will analyze a commercially available 
parallel-plate reactor (5), see Figure 10. A 13.56-MHz power 
supply is connected to the top electrode via a matching network; 
a grounded metal shield is mounted to suppress parasitic 
discharges at the back of the electrode. The bottom electrode 
is earthed via a stub and an external connection. For the rf 
current flow we have to realize that the skin effect allows 
surface conduction only. The simplified electrical equivalent 
circuit of the reactor is shown in Figure 11. The inductances 
and capacitances in this diagram were calculated from the 
equations for coaxial cables 

L = p.. 1 / 21f In 

C = 2"'- E. I I In ( 

and for parallel plates 

C = t A / d , 

b I a 

b / a 

, 
, 

(4.2) 

(4.3) 

(4.4) 

where e is the dielectric constant, 1 the cable length, a and b 
the innner and outer conductor diameter, A the plate area, and d 
the distance between the plates. 

The importance of these calculations becomes evident when 
we apply rf power (18). Note that the interelectrode capaci
tance vanishes from the circuit as soon as the discharge 
strikes. Let us assume a capacitive current of 10 A (rms) in 
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Jl~------------~--~Ij 4b 

Z;' Z4d 

Zi" Z;' 
Z2 
Z3 
Z4a-c 
Z4d 
Zp 

20 nH 

780 pF 

50 pF 

32 nH 

20 nH 

Discharge 

1.7 j ohm 

-15 j ohm 

-235 j ohm 

2.7 j ohm 

1.7 j ohm 

Fig. 10. Schematic drawing of 
the planar reactor used in the 
example (Plasma-Therm PK 2440 
PE/RIE). Numbers correspond 
with the stray impedances in 
Figure 11. 

Fig. 11. Equivalent circuit 
for the reactor in Figure 10. 
All values are for 5 cm elec
trode spacing. 

the discharge. For the interelectrode peak voltage we take 500 
V, corresponding to 350 V (rms). These values are taken from 
the discussion on high-frequency sheath formation in 'Basics of 
Gas Discharges' under assumption that the reactor is fully 
assymmetrical. Network analysis shows then immediately that the 
average potential difference between the (earthed) bottom elec
trode and the (earthed) reactor side wall is 27 V: between the 
side wall and the edge of the top-electrode shield we find 
another 17 V. The top-electrode shield as such draws twice as 
much current as the discharge itself. Combined with the high top 
stem inductance this gives 200 V and 31 A at the reactor input 
clamps. It is now directly clear why in a HF system discharges 
can occur between dc-earthed surfaces. We can also understand 
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why the measured dc self-bias voltage between powered electrode 
and ground - in an asymmetric system proportional to the 
discharge peak potential - can be much higher than the rf peak 
voltage across the reactor. In this example the dc potential is 
500 V since the peak voltage across the discharge was assumed to 
be 500 V, while the rf potential is 280 V (peak) (= 1.414 x 200 
V). 

In LF systems parasitic impedances are relatively unimpor
tant although one has to realize that certain protective elec
trode coatings can act as a series impedance. A major concern 
in LF reactors is the high electrode potential that develops 
even under moderate power operation. Not many rf connectors 
withstand a few kV. Moreover, arcing can occur inside the reac
tor. 

5. Power, voltage and current control 
Power, voltage and current measurement may seem to belong 

to the diagnostics but since one of these parameters is normally 
used to control the discharge, the reliability and the quality 
of these controls have a large influence on system behavior. 

When attempting to measure rf voltages in high frequency 
systems the first problem is to avoid unwanted rf interference 
and capacitive and inductive coupling. An even more severe prob
lem is that it is difficult to find a good reference ground 
since every piece of wire and every part of the reactor will 
show some impedance to the 'real' ground. Furthermore, as was 
shown in Section 4, the reactor construction itself can effec
tively preclude direct measurement of the rf voltage across the 
discharge. These problems are much less important at low 
frequencies. 

Measurement of the dc self-bias does not suffer from the 
above problems but instead two others occur. In the first place 
the difference between two sheath voltages is measured; the net 
result can only be translated directly to an ion bombardment 
energy if the system is asymmetrical, see Section 1. The degree 
of asymmetry in a given reactor is a function of gas type, pres
sure, and, to some extend, the rf power. Secondly, if the elec
trodes are covered with an insulating material measurement of a 
dc self-bias voltage is not trivial since a conduction channel 
is necessary. This path can be around the electrode edge or 
straight through it as a leakage current. In both cases a 
considerable resistance in series with the voltmeter will occur. 
The effect is that the measured voltage can be very different 
from the real voltage at the electrode surface (6). 

For generator feedback control some systems use rf current 
measurement. The current measured with e.g. a current transfor
mer or a series resistor is the vector sum of the resistive and 
the reactiVe current flowing through the system. As we have seen 
above reactive currents are strongly influenced by the reactor 
stray impedances and do not add to the power dissipation in the 
plasma. This can make current measurements rather system depend
ent and not always representative for plasma behavior. 
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In high-frequency systems rf power is normally measured 
with a transmission line power meter (10). This system requires 
a SO ohm input and output impedance. The basic circuit is given 
in Figure 12. The mutual inductance M can be sign inversed. The 
output voltage e is the sum of the voltage resulting from the 
division of E by Rand C and the voltage over the inductance M. 
If R...::.<. 1 / j tV C the result is 

e = j t...) (R C E + M I) • (5.1) 

If the components are now chosen such that R C = M / ZOI with Zo 
the input impedance, we find 

e = j vJ M ( E / Zo + I ) • (5" 2) 

At anyone point on the line the net voltage E is the sum of the 
forward and reflected voltages Ef and Er and the current I is 
Ef / ZO - Er / ZOo Thus, depending on the sign of M - the 
direction of the loop - the output voltage is either 

e = j w M / Zo • 2 Ef , (5.3) 

or 

e = j 6JM / Zo • 2 Er • (5.4) 

We now have a directional power meter; by adding an e~tra 
circuit the signal can be made frequency independent. The actual 
output is calibrated to read Ef 2 / 2 Zo ('forward' power) and 
Er2 / 2 Zo ('reflected' power). Note that the net power dissi
pated in the load is not simply the difference of forward and 
reflected. Similarly, the reflected power is not a real dissi
pated energy, but only a measure of the standing waves on the 
cable. Since the in-line meter has to be placed between genera
tor and matching network losses in the network, which can be 
appreciable, are not taken into account. This can lead to vari
ations from system to system. 

In low frequency systems power dissipation can be deter
mined by real-time multiplication of rf current and voltage and 

oo--E_l_T-'---c _M __ 1_0 

Fig. 12. Basic circuit of a 
transmission line power meter. 
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integration of the result, 

P = 1 / T • J E (t), I (t) dt , (5.5) 

with E and I the real time voltage and current, respectively, 
and T the time of one rf cycle. In and output impedance need not 
be 50 ohm here. 

6. Temperature control 
In deposition systems temperature is a very important 

parameter. In 'afterglow' etch systems, where etching relies on 
chemical reaction only, the wafer temperature also has a strong 
effect on etch rates. In etch systems with internal electrodes 
etching is usually dominated by ion bombardment so that the 
influence of temperature on etch rates is mostly low. The 
temperature remains important, however, as it influences photo
resist mask degradation. 

Whereas in deposition systems and chemical dry etch systems 
the substrates are usually heated it is often necessary to cool 
it in parallel plate systems to avoid degradation of the photo
mask. In some cases heating of the reactor is necessary to avoid 
condensation of low-volatile products originating from the 
discharge. 

Heat flow from the substrate to its surroundings can occur 
via three mechanisms: conduction, convection and radiation. 

The heat flux density by conduction is in steady state 

Q =.6. T / Rth , ( 6 • 1 ) 

where ~T is the temperature difference, Q the heat flux, and Rth 
the thermal resistance. The resistance depends on the contact 
area and on the conductivity of the materials in contact. In 
the usual plasma etch and deposition systems the mechanical 
contact between substrate and holder is poor because of intrin
sic surface roughness. Therefore, the thermal contact resist
ance is normally very high (19-21). 

Convection in vacuum systems is considerably different from 
that at atmospheric pressure. The heat capacity of a low-pres
sure gas is very low, so that the heat transfer to the bulk of 
the gas phase is negligible. Convection from substrate to hold
er is of the molecular flow type, however, because they are so 
closely spaced. This means that gas molecules collide with the 
surfaces rather than with each other and so heat transfer goes 
through kinetic and internal energy transfer. Formulas and deri
vations are complex. Some can be found in ref. (19). 

The heat flux density by radiation is for two ideal black 
bodies given by 

(6.2) 

where £ is a constant, and Tl and T2 the absolute temperatures. 
Practical substrates are not black of course, but in many cases 
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Pratical substrates are not black of course, but in many cases 
they can be represented as grey. This introduces a coefficient 
in the equation with a value close to 1. Radiation becomes 
important at elevated temperatures. It is probably the most 
important heat transfer channel for substrates in a practical 
reactor (21). 

A possibility to improve the heat transfer from substrate 
to holder is to clamp the sample mechanically. Because of the 
surface roughness the thermal resistivity will still be rather 
high, though. A variation on the clamping principle is to lead 
a high pressure helium flow to the backside of the wafer, a gas 
having a very high thermal conductivity. This improves thermal 
contact by conduction and convection, but gas leaks into the 
main chamber can have significant influences on the process. In 
research systems it is not unusual to 'glue' the samples to the 
electrode with vacuum grease or oil, or photoresist. This is a 
very effective method for improving conduction but it is hardly 
useful in a production environment. 

In systems operating at high pressures - over 200 Pa - bulk 
gas phase conduction can become important, especially if a large 
amount of helium is added. 

7. Special systems 
Apart from the etch systems we saw in Section 1 several new 

approaches have appeared in recent years. It has been claimed 
that these systems have certain advantages over conventional 
etching with respect to directionality, etch rates, or radiation 
damage. We will review some of these systems briefly. 

7.1 Magnetron etching. 
A magnetron etch system is basically a internal-electrode 

type of reactor where magnets have been placed around or under 
the electrodes. These systems normally work at low pressures, 
0.1 to 1 Pa is typical. A possible configuration is given in 
Figure 13. 

magnets RF 

Fig. 13. Planar magnetron 
reactor. Typical conditions: p 
= 1 Pa; P = 5 kW/m2 : B = 500 
Gauss. 
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Use is made of the fact that electrons which move in both a 
magnetic field and an electric field are forced into a helical 
movement. The same holds for ions but since their mass is much 
larger the radius of the helix is much larger. An electron 
which moves in a magnetic field B with a velocity v is subjected 
to a force 

F = e • v x B • ( 7. 1 ) 

The direction of the force is perpendicular to both the magnetic 
field and the velocity (corkscrew rule). In case a particle 
moves with velocity v at angle & to the magnetic field it will 
describe a circular motion around the vector B at a radius 

r = m v sin & / e B • (7.2) 

A velocity perp~~dicular to,B of 106 m s-1 and a magnetic field 
of 500 Gauss will result in a radius of about 1 cm. This is 
smaller than the average system dimensions. The velocity of the 
electron parallel to B will change the circle into a helix, see 
Figure 14. 

If we have a magnetic field parallel to the substrate elec
trode electrons emitted from the surface will be trapped in a 
semicircle. The result of combining the strong electric field 
in the ion sheath with a perpendicular nmagnetic field is that 
the electrons describe a cycloidal path near the surface (2,22). 

Trapping the electrons in helical paths near the surface 
has the effect that high energy electrons stay longer in the 
plasma, which increases the ionization efficiency. Thus, high 
charge densities can be obtained at a relative low energy input: 
charge densities of 10 17 m-3 have beem claimed (23,24). More
over, the discharge can be maintained at very low pressure. The 
low working pressure and the high charge density of the magne
tron discharge makes anisotropic etching possible even if the ion 
bombardment energy is low. This might eventually lead to a 
decrease in dry-etch induced damage. 

The etch uniformity in a magnetron system depends crit
ically on the homogeneity of the magnetic field. Improved 
uniformity has been accomplished by using a number of magnets 
for compensation (24) or by moving the magnets under the subs
trate continuously (25). 

Much work is being done in the field of magnetron etching, 
but still a lot of research into etch mechanisms and process 
development has to be done to prove all claims. 

ExB 

e 
jY E 

Fig. 14. Electron path in 
crossed electric and magnetic 
fields. 
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7.2 Microwave etching. 
In microwave systems the excitation frequency is in the low 

GHz band (2 - 50 GHz). The corresponding wavelengths are of the 
order of centimeters. It has already been mentioned in Section 1 
that the microwave (MW) discharge has a high degree of ioniza
tion and dissociation, but sheath voltages about equal to the 
floating potential, i.e., 10 - 20 V. Hence, they can produce a 
lot of ions and radicals but bombardment energies are such that 
in most cases isotropic etching is achieved. 

Microwave discharges must be produced in cavities since in 
this frequency range impedance matching is otherwise impossibleJ 
the frequency is now so high that every piece of metal has a 
high capacitance or inductance even if a few mm long. The cavi
ty is both reactor and matching network: its dimensions have to 
be calculated from the wavelength of the radiation it is meant 
for. A common type is the closed cilinder, see Figure 15 (26). 

Because of the discharge and excitation chamber character
istics the microwave plasma is mostly used in afterglow reac
tors, where wafers are outside the plasma and subjected to the 
chemically reactive radicals only. Nevertheless, anisotropic 
etching has been reported at extremely low pressures (0.1 pal 
(27,28). 

The principal advantage of microwave etching system is its 
high efficiency and its low bombardment-induced damage. A disad-

RF 

/ 
'/ / 

1 
vacuum 

Fig. 15. Microwave afterglow 
reactor. 
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vantage is the difficulty to produce a uniform etch over large 
areas. Since the reactive species have to travel from the place 
where they are produced to the wafer recombination reactions in 
the gas and especially at surfaces are very important. Thus far 
the use of microwave discharges in production systems is limit
ed. 

7.3 Plasma Beam 
In plasma beam systems the plasma is produced in a chamber 

separated from the chamber where the substrates to be etched are 
placed. Ions and neutrals are extracted through an orifice: the 
ions are accellerated by high-voltage grids before they hit the 
substrate, see Figure 16. Typical main chamber pressures are in 
the range 0.01 - 0.1 Pa (29). 

The ion source can be a problem. It must be reliable and it 
also must allow high beam currents. Systems using hot filaments 
(Kaufmann source) to produce the plasma have a relatively short 
lifetime with reactive gas plus the risk of contaminating the 
beam with metal. For these reasons electron-cyclotron resonance 
sources (ECR) have been introduced recently. Here, a plasma is 
produced in a magnetically confined microwave discharge (30). 
The use of grids carries with it the risk of sputtering material 
that can contaminate the substrate or act as a local mask. 

A large variety of plasma beam applications exists. The 
oldest type is the ion miller. In these systems the substrate is 
sputter-etched with a beam of noble gas ions. A high accuracy is 
possible but selectivities and rates are low. In reactive ion 
beam etching (RIBE) a reactive gas is used in the ion source. 
This can help to increase both etch rates and selectivities but 
the construction of the source is more critical. CAIBE - chemi
cally assisted ion beam etching - combines ion bombardment from 
a plasma source with an independent supply of reactive gas into 
the main chamber. It is thus possible to control ion and neutral 
fluxes and composition independently (31). 

Nevertheless, in either case the synergetic effects of ion 
bombardment and reactive radicals at the surface are not 
utilized as extensively as in regular plasma etching. Exper
imental results show relatively low etch rates and selectivities 
(29-32). Nevertheless, plasma beam etching is indispensable for 
mechanistic studies. Deposition with beams has the interesting 
feature of producing layers at relatively low temperatures (33). 

~
solenoidS 
accelerator 
grids 

1 
vacuum 

Fig. 16. Plasma beam reactor. 
Typical conditions: p = 0.1 
Pal J = 5 A/m2; V = 500 v. 
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7.4 Triode etching. 
In triode systems three in stead of the usual two elec

trodes are fitted. This opens the possiblity to float an elec
trode at a certain potential or to use different frequencies at 
the same time. A schematic drawing is given in Figure 17. The 
idea behind all this is to decouple the production of radicals 
from the control of ion bombardment energy to at least some 
extent. 

If one frequency is used there exist several possibilities. 
Firstly, the non rf~powered electrode can be connected to ground 
through an adjustable LC network. A rather similar set-up is to 
divide the rf power from the generator in a special network 
between the two electrodes (34). Secondly, it is possible to use 
two generators and two matching networks. The latter system is 
known as the 'flexible diode' (35). These systems havebasically 
the possibility to adjust the potential distributionbetween 
powered and 'grounded' electrode without affecting thedissipated 
rf power or other parameters. 

The use of two frequencies allows efficient production of 
radicals at high frequency while high-energy ion bombardment is 
brought about with low frequency. Using more than one frequency 
in the same system requires special precautions to avoid that 
one generator influences the other. A concept which can have 
considerable advantages would be a reactor where a microwave 
plasma is combined with a low frequency discharge. Such a system 
has not appeared on the market yet. 

.. 
matchi:D- HF 

(ej 

network .:... 
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"-..... 
L "!-iF-filter 
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Fig. 17. Planar triode reac
tor: (a) flexible diode 
system; (b) dual frequency 
system. 
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1. Introduction 

Analysis of reaction mechanisms and reaction rates in gas discharges necessitates 
a detailed knowledge of the various gas constituents and their variation with time. 
While the optical spectroscopy becomes an ideal diagnostic for the study of excited 
species, the mass spectrometry remains irreplaceable in the identification and the 
quantitative determination of ions and neutral molecules. In some cases neutral free 
radicals have been also detected. In this lecture the mass spectrometric apparatus 
is described with emphasis on the sampling of species of the discharges. Then a method 
for the quantitative determination of the neutral composition is given. The detection 
of neutral free radicals and the application of mass spectrometry to kinetic analysis 
is also explained. Finally examples of positive and negative ion measurements are 
gi ven for plasmas used in deposi tion of thin films and etching. 

2. Experimental systems (ref. 1 9) 

A schematic representation of a mass spectrometric set-up is given in Figure 1. 
The basic arrangement may be divided into four parts: the plasma reactor, the sampling 
system including the orifice and the intermediate chamber with electrostatic lenses, 
the mass analyzer and the ion detection system. The most powerfuU apparatus is 
that, as shown in Fig. 1, in which the particle beam is extracted from the plasma 
through a sampling aperture of 50 200 11m and analyzed by a quadrupole mass filt.er 
disposed in view of the orifice. With t.his configuration four kinds of species are 
detect.ed : neut.ral molecules, neut.ral free radicals, posit.ive ions and negative ions. 

2.1. Mass spectrometers 

Three spect.rometers are usually encountered 

- The time - of - flight (T.O.F.) spectrometer. Pulses of ions are formed in the 
ionization source and then are injected into the drift region of lengt.h L with a cons
tant energy q V • The t.ime, in seconds, required for a gi ven ion to dri ft. the length L 
is given by a 

With small injection voltages (e.g. 10 V), ion drift times for 1 m are about 10- 5 sec. The 
T.O.F. spectrometer is a useful instrument when fast changing reactions are to be 
studied. 

The magnetic sector. The magnetic sector employes the well-known physical fact. 
that. moving, charged particles, traversing a magnetic fieldt follow a circular path 
which radius is given by 

r = mv 
q 

Magnetic sect.or spectrometer normally deflects the ions through either 60°, 
90° or 180°. For monoenergetic ions the resolving power is : 



r : radius of ion path 
s 1: entrance slit width 
s 2: exit slit width. 
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Magnetic spectrometers typically have a resolving power of -100 and are sensitive 
to partial pressures of 1O- 1S torr. 

- The quadrupole mass spectrometer (QMS). 

The Q.M.S. is, by far, the most popular spectrometer in use today. It was originally 
developed by W. Paul and co-workers in 1955. A schematic of Q.M.S. is shown in 
Figure 2. The analyzing region in basi ca1Jy a set of four cylindrical rods with radius 1'0 

connected to a dc potential U and a rf potential V cos wt. Ions formed in the 
ion source, or coming from the plasma, enter the filter along the z-axis. With proper 
selection of U and V, ions of a given q/m will oscillate about the z-axis on stable 
trajectories and ultimately emerge from the opposite end of the mass filter. Masses 
may be swept by varying the rf and dc voltage level, keeping the ratio B::: UN 
and the frequency w constant. 

The resolving power llmm depends only on 8. 

Because the mass sweep is linear, using voltage scanning, it is convenient to 
have fJ. m constant. This is obtained by continuously varying 8 in order to get 6m = cte 
while sweeping mass. When operating in this mode, the sensitivity decreases with 
increasing m, thus making detection of more massive ions difficult. 

A proper calibration of the apparatus can solve this problem. (See below § 3.2). 

Generally the instrument can detect partial pressures of ~ 10 - lOtorr when using a 
Faraday cup detector, 10 - 14 torr when using a secondary electron multiplier (s.e.m.) 
disposed on the mass filter axis, and .:$ 10 -15 torr when using a 900 configuration 
(off axis) in conjunction with an ion counting system behind the s.e.m. instead of a 
conventional electrometer amplifier. 

The Q.M.S. is a true mass analyzer in the sense that it is not very sensitive 
to ion injection energy. Axial energy of ions can vary in the range 2 to 20 eV (even up 
to 50 eV). Thus ions travelling towards the detector can undergo collisions with gas 
phase molecules, lose energy, and still be filte!~d prop~rly. This mean~ sthat t~e Q.M.S. 
can be operated at pressure as high as - 10 torr (10 fact p ~ 10 torr IS usually 
recommended). Also the ions directly coming from the plasma need not to be mono
energetic. However some peak shape deterioration (peak splitting)is observed depending 
on the ion injection energy or misalignement in the case of ions coming from the 
plasma. The Q.M.S. has advantage of rapid scanning (i.e. 10 scans/sec or 1 a.m.u./msec) 
which is an interesting feature for the control of plasma processing. 

2.2. Neutral sampling 

The most crucial problem in mass spectrometric probing of plasmas is the extrac
tion of particles out of the plasma region onto the mass analyzer. The discharge 
must be sampled without disturbance of the plasma and the particles beam needs 
to be a correct picture of the composition of the discharge. 
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The orifice diameter 2 R should be chosen so that molecular flow conditions 
are applicable. This is approximately the case when, for a zero length orifice, the 
Knudsen number is : 

A 
2R ~ 5 - 10 

with A the neutral- neutral mean free path. In practical conditions, the flow is found 
96 % molecular at 1 torr with 2 R = 50 11m, 

The neutral flow conductance must be small enough to guarantee sufficiently 
low working pressure in the mass spectrometer chamber. Although the aperture should 
be made as small as possible, experience has shown that diameters ranging from 50 Ilm 
to 300 11m appear to be satisfactory. With a single stage of differential pumping the 
pressure p in the chamber behind the orifice is determined by the area of the aperture 
A 1 and th~ effective pumping speed S 1 according to : 

C Q 
Pc = 1 CPr - pc) = S 11 with p «p 

c r 

1 - . - 8kT 1/2 
C 1 is the conductance of the aperture of area A I' Then, C 1 :: "4 v Al wlth v (TIm) 

Q 1 is the molecular flow rate in the aperture. 

If Pr 1 torr, v = 4.10 It em/sec and 2 R :: 50 11m 

Pc :: 9.810-" torr with S 1 = 200 9.,f sec. 

A medium size diffusion pump or turbomolecular pump could be used in this 
case. 

In order to obtain more versatility in the choice of the aperture size and the 
operating pressure range and to ensure a long spectrometer Ii fetime a dual di fferen
tiaUy pumped sampling arrangement is often used (Fig. 1 and 3). The flow through 
the second orifice of area A 2 is molecular with a flow rate : 

Q 2 = .1.4 v A 2 (p - P ) :: (p - p ) s 2 
C S S so 

By posing 6pc Pc - Pco and 6ps 
if Pco Pso (background pressures), 

Q-Q 
and on the other hand 6 Pc = ~ 1 2 • 

These relationships in conjunction with the expression of the flow rate Q 1 

Q 1 ~i V Al Pr 

give an expression 

6ps = K (m). Pr 

which indicates the proportionnality between 6ps and p r' 

The ionization of the neutral species reaching the cross-beam ion source is per
formed by an electron beam perpendicular to the neutral beam and set at energies 
varying from 20 eV to 70 eVe Low electron energy (20 eV) gives simpler fragmentation 
patterns than high energy but with smaller ionization efficiency. 

In order to avoid interference between ions coming from the discharge and ions 
produced from neutrals in the ionizer, a magnetic or electrostatic deflexion of the 
ion beam may be necessary before reaching the mass spectrometer chamber. 
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2.3. Positive ion sampling 

The collisionless extraction of ion through the plasma sheath in front of the 
aperture is assured if the mean free path of ions Ai is much larger than the sheath 
thickness s : Ai > > s (with s ~ 3 to 5 AD) 

AD Debye length = 74 Ilm with ne ::: 1010 cm- 3 and kTe = 1 eV. 

The length of the orifice should be much smaller than its diameter to reduce as 
far as possible reactions of ions within the orifice channel and the interaction of 
ions with the inner surface of the tube. 

The positive ions are accelerated towards the orifice disc by the electric field 
existing within the sheath, while electrons and negative ions are repelled. 

If the orifice is electrically floating the voltage accross the sheath wiU be 

1 k Te 1T me 
V ::: -2 -- tn (- -). q 2 mj 
kTe 

For mi = 30 a.m.u. V ~ 5 !=I ' that means that an accelerating field for positive 
ions exists without any additional bias of the sampling aperture. 

When the extraction is collisionless (A i » 2R), the ion current density for an 
ion of mass mi is expressed by the Child - Langmuir law 

. _ 4e:o ~ 1/2 V 3/2 
Ji - (mi S2 

or, in the case of low voltage, by the Bohm current : 

kT 1/2 
. 06 (_e) Ji::: • q nj m 

1 

When the ionic mean free path is smaller than t.he orifice diameter (Ai» 2 R) the 
extraction is of diffusion type. That happens when the reactor pressure Pr > 10 mtorr. 

The current density j. at the orifice is given by a mobility-limited law: 
1 

9e:o V2 
jj ::: -8- Ili -;r 

where Ilj is the mobility of positive ions. 

qAi _ BkB 1n 
Since Ili = --_- with Vi ::: (--) , 

mi Vi 1Tmi 
the ion current ratio of two ionic species of masses m i and m k reaching the aperture 
will be, in all extraction cases, related to their plasma density ratio by : 

.~k ::: nk (m i ) 1/2 
Ji n i m k 

I f the aperture is too large, causing the sheath to collapse, the plasma may pene
trate the low pressure region behind the orifice and edge effects could strongly in
fluence the electric fields. The mass spectrum measured in this instance would not 
necessarily represent the ion concentrations present in the unperturbed plasma. 
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Electrostatic lenses may be mounted inside the intermediate chamber in order 
to focus ions onto the second aperture. The ion signal may be substantially increased 
by the lens system which determines the solid angle of particles collection. 

2.4. Negative ion sampling 

In usual situations negative ions are confined inside the plasma bulk by the 
potential barrier of the sheath. In order to extract a negative ion beam from a plasma 
a positive bias of the aperture higher than the plasma potential itself is needed. 

In the case of strongly electronegative plasmas (e.g. SFs or C CI 4)' the extraction 
is easier because of the lowering of the plasma potential by the low mobility of negative 
particles (negative ions instead of electrons). A positive bias on the electrostatic 
lens behind the orifice can be sufficient to get measurable negative ion beam. 

By this way the relative ionic abundance can be obtained. For absolute measure
ment, another diagnostic, e.g. Langmuir probe, must be employed. 

For the detection of negative ions with the Q.M.S. the biasing of the s.e.m. 
has to be reversed in comparison with that used for positive ion detection. The first 
dynode is connected to + 3 kV with respect to ground, the last dynode to + 5 kV, 
for example, instead of - 3 kV and - 0.5 kV respectively for positive ion detection. 

2.5. Other refinements 

In order to obtain a better sensitivity in the ion detection two methods are 
sometimes employed : 

- a pulse counting at the output of the s.e.m. This is recommended for negati ve 
ion measurement. 

- a modulation of the extracted beam at the exit of the sampling orifice, in 
conjunction with a synchronous detection. This is of great interest for free radical 
studies. 

3. Analysis of neutrals from reactive plasmas (ref. 5, 11- 28). 

One of the most useful applications of mass spectrometry in plasma chemistry 
is the quantitative analysis of the gaseous mixtures produced in the discharge. 

The spectrometer must be previously calibrated with pure gases, separatively 
injected, at a controlled pressure. This is a very expensive and unsafety procedure 
in the case of corrosive and unusual gases such as : SinH 2 2' COFz , Fz , HF, SOFz , 
SO z F z, SOF 4 etc ••• A more practical method is to usJ1 fragmentation patterns and 
sensitivity factors of these gases published in litterature and to calibrate the spectro
meter, as a function of mass, with a standard gas mixture (He, N z, Ar, Kr, Xe). 

3.1. Mass spectra 

The electron impact on a molecule R 1 R z leads to a dissociative ionization reac
tion : 

if the electron energy is greater than Va the appearance potential of the molecular 
ion R /. Measurements of the ion current resulting from this reaction have been 
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made for numerous molecules and its plot as a function of the electron energy is 
called the ionization efficiency curve. In the example of SiH It , four ions are detected 

e + SiH It -------* SiH 3+ + H + 2 e V = 12.3 eV a 
e + SiH It -------* SiHt + H 2+ 2 e Va = 11.9 eV 

e + SiH It -------* SiH+ + H 2+ H + 2e Va = 16.1 eV 

e + SiH It -------* Si + + 2 H2 + 2 e Va = 11.7 eV. 

The relative abundance of the various ions issued from the parent molecule at. 
a given electron energy is known as the fragmentation pattern. 

For SiH It the fragmentation pattern at 70 eV is : 

m/e ion relative abundance (l. 

Si+ 
J 

28 28 
29 SiH+ 29 
30 SiH/ 100 
31 SiH/ 79 

This result is, in principle, relatively independant of the apparatus and can be 
found in the mass spectra indexes. In most of elements the isotopic abundance has 
to be taken into account for a correct assignment of the ion mass. 

For example in Si : 

28 Si = 92.2 % 29 Si = 4.7 % 30Si = 3.1 %. 

If P is the partial pressure of the molecular compound in the mass spectrometer, 
each ion current i is proportionnal to p provided that this pressure is sufficiently 
low « 10- 6 torr) 

(l P 
When calculating absolute values, the most abundant peak of a molecule is compa

red with the peak height of the most abundant peak of nitrogen (m/e = 28) or n-butane 
(m/e = 43). These ratios N or B are given in mass spectra tables. 

3.2. Calibration of the mass spectrometer 

The spectrometer can be calibrated with pure gases and the sensitivity factor 
used for mixtures. 

The sensitivity of the spectrometer is defined by 

i(m.) = S(m.) t1p • 
J J s 

S(mj) in A/torr (usually > 10 3 A/torr with a s.e.m.) 

t1ps = ps - Pso is the pressure variation produced by the introduction of the 
compound. 

i (m') in amperes is the intensity of the most abundant peak due to the electron 
impact fragmentation of the compound. 
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The sensitivity factor 5 depends on the nature of the gas. 

It is convenient to define the factor F which is independent of the gas and depends 
on the physical characteristics of the spectrometer. 

S(m.) 
F(m.) =: ~( ) 

J 0 mj 

o(mj) (in cm 2) is the partial ionization cross-section 
of mass mj' 

of the molecule m for the ion 

In F(m.), 
J 

the s.e.m. gain G(m.) is taken into account for. 
J 

An empirical relationship for G(mj) is : 

G(m.) = G(o) 
J (a + b m.)1/Z 

J 
where G(o)("" 10 3

- 10") is the sem gain relative to Faraday cup gain for N2 or AI'. 

With a differentially pumping system it is shown that the pressure variation 
II Ps in the spectrometer chamber is related to the reactor pressure PI' according to : 

IIp =: Kem). p s r 

with K(m) 

The partial pressure PI' in the reactor is obtained from the peak intensity i (mj) : 

i(m.) 
p _ ) 

I' - K(m). F(m.) • 0 (m.) 
J J 

In the simple case where the ion and the molecule have the same masses (m mj) 
a global transmission coefficient of the apparatus can be defined by 

T (m.) = K(m.) • F (m.) 
J J J 

T(mj) is the only experimental value of practical use. For example, Figure 4 
shows tHe variation of T(m j) values measured between masses 4 to 129 in the apparel us 
represented on Fig. 1 by usmg a standard gas mixture (He, N 2 , AI', Xe, Kr). 

The cross-sections 0 (m j) are taken from the Ii terature. In a more usual case 
where mj =f m the partial pressure will be calculated from the relationship : 

K (m) ( ( ) i(m.) =: oem.) K( ). T m.) • pm. 
J J m· J r J 

When m and m. ~ 20 a.m.u. it can be verified that : 
J 

K(m) 
K(mj) 

m. 
~ J 

m with an accuracy better than 2 %. 
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In the case of molecules for which a (m j) is unknown either the N or B factors 
may be used according to 

or 

a(m.) 
J 

a(mj) 

elj 
a(28, N 2). N(m j). 100 

elj 
:: a(43,nC4 H10 )·B(mj)' 100 

where el. is the relative abundance of the peak of mass mj in the fragmentation pattern 
(in %). J When the pure gas is available from a commercial cylinder the term 

[a(mj)' ~(<;!)' T(mj)] can be experimentally determined (direct calibration). 
J 

3.3. Mass interferences 

Each molecular ion of mass m j can originate from several parent molecules of 
t.he plasma. The mass interference is taken into account by using the correction : 

[1J p(m)=lrT~(m/ .Ep(m,)a(mj'~') J. (m) 
r mj .mj m' r m a mym 

where Pr(m') is the partial pressure of the parent molecule of mass m' which contributes 
to the intensity of the ion m j' and a (mj ,m') the partial ionization cross-section for 
the ion mj of the molecule of mass m. Tne neutral composition of plasmas can thus be 
obtained oy resolving the system of linear equation [1 J. As an example the mass peaks 
and their assignments for a C 2 F6 plasma are given in Table 1. 

Table 1 

Assignments of peaks detected in the C 2FS plasma. 

m/e ion parent molecules 
(a.m.u.) 

62 C 2F2+ C2 F2 
69 CFa+ CF .. ! C 2F .. ! C2Fs, CaF6, CaFe, 

ClfFe , ClfF10 

81 C 2F3 + C2F .. 
93 CaFa+ ClfF6 , CifFe 

100 C2FIf+ C2FIf, C2F6 , C aF6 , CaFe, CifFa , ClfF10 
C 2Fs + 119 C2F6, C sFe, CifFIO 

131 C 3 FS+ C SF6' Ct Fa , CifFIO 
143 ClfFs+ ClfFs, CsFa 
150 C 3 Fs + C aF6 

169 C 3 F7+ ~ 
181 C .. F7 + CIfFe 

The evolution of the molar fraction of the main neutral molecules as a function 
of the total pressure Pr is given of Figure 5. 

When using a modulated molecular beam mass spectrometer neutral impurities 
can be detected (- 1 ppm). 
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3.4. The detection of neutral free radicals 

The direct detection of radicals by mass spectrometry presents some difficulties. 
The gaseous free radicals are estimated to have low concentration ratio (10- 5 - 10 -" for 
SiHn in silane discharges) ; so they must be discriminated from the large concentration 
of the parent molecule. 

F or this, two methods can be used : ionization by low energy electrons, or photo
ionization. 

In the first method radicals are ionized with electrons the energy of which is 
lower than the ionization potential Vi of the molecule M but higher than the appearance 
potential Va of the radical. 

Vi and Va are reported in Table II for 5iH 3 and SF2 detection : 

Table II 

Threshold energies (eV) for ions from the neutral parents. 

ion neutral appearence neutral ionization 
radical potential molecule potential 

Va Vi 

SiH 3+ 5iH!! 8.4 SiH It 12.3 

CF2 + CFl 11.7 CHF3 17.5 

ClF" 15.2 

Successfull detection of SiH 3 radical in silane discharge, CFl in CHF3 and C IF,, dis
charges have been reported. Atoms have also been detected by mass spectroscopy 
eg : NitS from N z discharge, 03 p from 0 z discharge, F 2P from F liAr or CF" discharge, 
CI lp from Cl z discharge. 

The sensitivity of radical detection by electron impact ionization is unavoidably 
reduced by the low ionization efficiency of 10- 15 eV electrons compared to standard 
70 e V electrons. 

Another method is the use of photoionization mass spectrometry. In this technique 
the ionization is produced by rare gas resonance lines (AI' 11.6 and 11.8 eV, Kr 10.03 
and 10.64 eV) or the Lyman a line (10.2 eV) of hydrogen. 

CF and CF3 have been observed in a CF" - Hz plasma by this technique. 

3.5. Application in plasma kinetics 

A kinetic analysis of the discharge can be performed by mass spectrometry. 
Different approaches have been proposed. In the conventional gas flow method, the 
discharge tube is a plug-flow reactor. The residence time is used. as a kinetic para
meter. A more realistic approach for plasma deposition or etching is to describe the 
discharge as a backmixed reactor controlled by diffusion. For example the injected 
molecule concentration NM is governed by a balance equation 

where QM is the flow rate of the injected molecules, V the volume of the reactor, 
k 1 the rate constant for molecule decomposition and t R the mean residence time 
of molecules in the plasma. 
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The concentration N M can be measured by mass spectrometry and permits the 
determinat.ion of rate constant k l' Such a study have been made for silane plasma 
and CF4 plasma. 

A more sophisticated method is to use the relaxation technique in which the 
discharge current is modulated and the response of the plasma chemical system mea
sured by mass spectrometry. Information on the rate constants of the elementary 
processes are deduced from these measurements. 

3.6. Isotopic labelling 

In order to identify the intermediate radicals and the reactions which occur 
in reactive plasmas, the isotopic labelling technique can be used. For example the 
study of SiH .. - SiD .. plasma bring indirect evidence of SiH2 and SiH 3 free radicals in 
the gas phase. The disilane formed in the plasma, Si 2H 6-n On' exhibited all degrees 
of deuteration n a to 6. SiH 20 2 and SiH0 3 have also been detected. 

However such a study is rather complex due to the mass interferencies in the 
spectra. Also the interpretation implies the knowledge of the elementary reactions. 

3.7. Control of the plasma etching process 

Time recording of various peaks can bring information during plasma etching. 
For example, in Figure 6, the variation of the peak 47 (COF+ for COF2 and SiF+ for 
SiFIf ) iUustrates the etching of a sandwich of poly-Si!Si0 2!mono Si. 

Pollution of the reactor walls or the wafer surface may be detected by recording 
several key peaks before or during the plasma sequence. 

4. Ion spectrometry (ref. 17, 19, 23, 25, 26, 28) 

The detection of positive and negative ions is currently done by mass spectrometry. 
In this section some examples, taken in deposition and etching applications, will be 
presented as an illustration of the capability of this diagnostic means. 

4.1. Positive ion studies 

Absolute measurements of ion currents are possible with Q MS. However it is 
sometimes observed some fluctuations of the ion intensity during time or from run 
to run for the same plasma conditions. The causes are often a modification of the 
surface state of the electrodes and the walls of the reactor by deposition or etching. 
This variation affects the electron emission coefficient of surfaces and thus the 
ionization of the gas. In major situations the ionic abundance ill: i is found to be 
repdoducible. The extracted ion currents ratio i(m j ) /i(mk) is related to the corres
ponding ion density n j In k in the plasma by the expression : 

i(m p := (m k 1/2 Tj (mj) ~ 
i(mk) mj ) Ti(mk)' nk 

The transmission factor Ti for ion depends on the ion mass and energy. Reported 
measurements of T. indicate a constant value in a QMS for m. varying between 
28 up to 84 a.m.u. ahd a decrease for higher masses (ref. 8). 1 

The primary interest of ion sampling from discharge is to compare the mass 
spectrum to that expected from the direct electron impact ionization of molecules. 
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4.1.1. Example of SiH .. plasma. - Figure 7 shows the evolution of the SiH n+ ions in 
a SiH 4 - He plasma as a function of pressure. The relative abundance of ions differs 
strongly from that observed in the direct ionization of silane. Except for very low 
pressures (50 mtorr). SiH 2 + is never the most abundant. The same evolution is obtained 
at given pressure by dilution of SiH It in helium. 

The predominance of the SiH 3 + ion over the SiH 2 + ion is explained by the 10n
molecule reaction 

SiH / + SiH It ~ SiH / + SiH 3 K:;:: 4.04 1Q-IOcm3 sec- 1 

This can be guessed by calculating the distribution of the SiH n+ ions by using the 
silane concentration obtained by mass spectrometry. 

Ion clusters Si xH/ with x 2 to 9 and y ~ 2 x + 3 have been observed in silane 
glow discharges. A chain reaction mechanism leads to these large Si - containing 
clusters 

SixHy+ + SiH 4 ----;... Six + 1 Hz + + m H2 + nH 

where 4 + Y :;:: 2 m + n + z. 

These ion - molecule reactions may occur both in the plasma bulk and in the sheath 
accross which the ions are extracted. In this sheath the accelerated ions may also 
participate in charge-exchange and fragmentation reactions. For example ions sampled 
at the cathode of a d c silane discharge have a distribution pattern very different 
from that obtained at the anode or at the wall : SiH n + ions contain less H atoms 
at the cathode than at the anode. 

4.1.2. Example of C2F6 plasma.- The evolution of the relative intensities of positive 
ions extracted from a C 2F6 plasma as a function of pressure is given in Figure 8. 
The most abundant ion is always CF3 + as in electron impact ionization of C 2 F6 but 
the relative abundances of ions are quite different from those expected from direct 
ionization of C 2F6 • 

In particular the rate of production of C 2 F 5 + from C 2 Fij is of the same order of 
magnitude than that of CF3 +. The two direct ionization reactions which are : 

e + C 2F6 ----31>- CF 3 + CF 3 + 2 e 
+ e + C 2F6 ----31>- C2FS + F + 2 e 

are not sufficient to describe the relative abundance. 

v :;:: 15.4 eV 
a 

Va :;:: 16.05 eV 

Other ionization processes must be taken into account for to explain these mass 
spectrometric measurements. 

In particular : 

- the ionization of other neutral molecules present in the plasma (CF4 for example): 
- +-e + CF;. ~CF3 + F + 2 e V ;;;; 15.9 eV a 

the ionization of molecular radicals : 
+ e + CF3 ---7 CF 3 + 2 e 

- +-e + CF2 ---7 CF 2 + 2 e 

Vi :;:; 9.25 eV 

Vi = 11.8 eV. 
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4.2. . Negati ve ion studies 

Negative ion currents extracted from a plasma vary with the biasing potential. 
However it is found that relative ionic abundances are reproducible. In silane plasmas 
the SinHm - ions with n ::; 1 to 6 have been detected by QMS. 

In electronegative gases, e.g. SF6 , the negative ion analysis is essential in order 
to understand the main reaction channels in the discharge. Figure 9 illustrates the 
variations of the relative ionic abundances il E i in a SF6 - 0 z plasma with a silicon 
sample of the r. f. electrode in comparison with a bare r. f. electrode. An increase of 
the }ntensities of SF3 - , SOF3 -, SOF - is observed in conjunction with a decrease of the 
SFs and F- intensities. This result must be correlated with the mass spectrometric 
study of neutrals. 

In the same conditions SF6 and Fz concentrations are decreased whereas SOzF2 ' 

SOFz , SOF" and SF" concentrations are increased. 

By this way different attachment reactions may be postulated 

e + SOF; ~SOF + F 
e - SOn; ~ SO~3 + F + 
e - SF6 ~ SFs + F + 
e + SF" ~ S~3 + F - F2 ~F F. e + + 

4.3. Application to end point detection 

The great interest of the ion detection in view of the control of plasma etching 
processes is that it is a very sensitive method. For example the fluorides and oxyfluo
rides of refractory metals have a vapor pressure lower than SiF4 and are thus difficult 
to detect as neutral effluents. It is easier to observe them by the positive ions issued 
from the ionization in the plasma of these neutral products. Table III gives the positive 
ions observed during the etching of refractory metals in SF6 - 02. and CF4 - 02. 

Table III 

Positive ions detected during the etching of refractory metals 

Metal 
W 

Mo 
Ta 

Ions 
WF n + (n::; 3- 5) , WOF m + (m = 1 - 3) 
MoFn+(n=3-5), MoOFm+(m= 1-3) 
TaF" + , TaFs + 

Figure 10 illustrates the control of etching of W Siz in a MoO.S. structure by 
recording the peak intensities of WFs + and SiF 3 + during the process. Therefore mass 
spectrometry can provide an alternative method to the optical emission spectroscopy 
when emission lines of etching products are unknown or difficult to observe. 
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6.3. Optical Spectroscopy 
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SURFACE TREATMENTS AND PLASMA POLYMERIZATION 

J. AHOUROUX Professeur. 
Dr A. OICQUEL, Dr. F. AREFI, Dr S. CAVVADIAS, Dr J.L. BRISSET 

Plasma chemical reactor laboratory - ENSCP -
Universite Pierre et Karie Curie 11 rue Pierre et Karie Curie 

75231 Paris Cede x 05. Tel.: (1) 633 42 83 FRAHCE 

The main developments of the plasma surface interactions are largely 
correlated with the degree of freedom of the molecules in the boundary 
layer. In this Hay He propose to present the oontrol of the non 
equilibrium level of a low pressure plasma Hith its consequences on the 
chemical reactivity. The second developped aspect deals with the 
excitation process of a complex molecule during its interactions with 
electrons. Taking into account this preliminary aspect we can analyse 
some chemical mechanisms occuring during surface treatments. 

1. role of the vibrational excitation, application to the nitriding 
process 

2. chemical properties of the excited molecules and radicals according 
to Lewis acid base properties, application to etching. 

3. role of tbe nature of the substrat during a surface treatment; 
comparison between polymer, glass, silicon during a treatment by 
a fluorocarbon p~asma. 

4. role of oxygen in a fluorocarbon plasma; competitive mechanisms 

1. GENERALITIES 

Looking over the recent industrial applications (fig. 1) we observe the 
large developpments of plasma techniques using a great number of 
electrical excitation sources such as RF, Hicrowave, Corona, Laser, Olow 
discharge ... For the industrial applications the reproductibility, the 
control and the efficiency imply large fundamental studies and new 
diagnostic methods. In that May in situ diagnostic methods of the boundary 
layers (gas and solid) are today developped in order to provide a better 
understanding of tbe main chemical zone of the plasma reactor. Boundary 
layers depend on the gas mixtures, on the material, and on the electrical 
characteristics of the plasma source. Ie have summarized (fig.2) the main 
phenomena in these layers which indicate tbe role of excitation mechanisms 
in the vicinity of the surface material (16). 
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SURFACE TREATMENT APPLICATIONS (fig.1) 

Properties needed 

wettabil1 ty , 
adhesive surface 
roughness, cleaning 

dielectric properties 

waterproof 

encapsulation 

anticorrosion 

hardness 
friction coefficient 

optical properties 

optoelectronic 

thermal properties 

electronic properties 

specific absorption 

treated materials 

polymer 
paper 
metal 
glass 
carbon fiber 

polymer 

glass 

silicon 

polymer 

metal 

silicon 

metal 
material 
silicon 

metal 
glass 
quartz fiber 
silicon 

metal 

glass 
silicon 

silicon, III V 
polymer, glass 

polymer or silicon 

Main mechanisms 
of the treatment 

polar groups 
in the matrix 
on the surface 
trapped radicals 
in the matrix P 

trapped radicals in 
the matrix metal inclu
ded or deposited trans
fer of electrical 
charges grafting and 
reticulation 
organometallic function 

grafting of fluorocarbon 
groups 
polymerization 

fluorocarbon inclusions 

nitriding, carburation 
carbon layer such as 
diamond, ceramic depo
sition 

anti reflecting layer of 
organometallic PCVD of 
controlled refractive 
index, transparent 
electrodes, 
semiconductor deposition 
(Sia, SiGe, III V ••• ) 

nitride ceramic 
(Si3N4, TiN) 
oxyde Si02 Ti02,Su02 
carbide SiC, WC, 

PCVD, diffusion 
phenomena of B, As, P. 
amorphous layers 
compositions 
Pinhole and defects 
etching from fluoro
carbon plasma 

modifications of surface 
grafting and support 
adsorption 

industries 

packing industry 
textil and paper 
photoghraphlc 
sound and video 
automobile/aero
nautic 
medical membrane 
and material 
tyre industry 
sticking 

microelectronic 
semiconductor 
piezoelectric 
material 
inSUlation and 
eleotrio indus
tries 
photovoltaic 
industries 

textil industry 
electronio, 
paper, storage 
of energy 

metallurgioal 
treatment 
mecanical indus
tries jewelry 
industries 
electroniC 

photovoltaic 
industries 
eleotronic 
industries 
doping 
optical fiber 
industries 
textil industry 

metallurgical 
and mecanical 
industry 
textU fiber 
medical appli
oation, jewelry 
nuclear 

photovoltaic 
industries 
electronic 
industries 
new deteotors 

support for 
analysis by gas 
chromatography 
and HPLC 
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Fig.(2):Plasma surfaoe interaction 

PLASMA 

transport phenomena 

chemical composition 
pressure and exoitation by electrical system 
non equilibrium states. 
Te, Tvib, Trot, Ttrans 
ionisation rate and electronic distribution 

- diffusion GAS BOUNDARY LAYER 
nature of tbe cbemical speoies 
vibrational temperature 
electronic states 
polarizability 

- electric field 
- thermal gradiant 
- viscosity 
- electrioal conductivity 

transport phenomena 

evaporation SOLID BOUNDARY 
thermal diffusion LAYER 
eleotrio field diffusion 

for ions 
volatile products or byproducts 

SOLID CORE 

electron density and secondary 
electron 
electronio affinity 

nature of the chemical speoies 
(atoms, molecules, ions) 
Debye temperature 
electronic mobility 
reactivity of the species 
lattice characteristios 
(crystalline, amorphous) 

nature of the material 
crystalline state and purity 
defect, inclusion 
electrical properties 

2. NON EQUILIBRIUH PLASMA SYSTEM AND CORRELATION RITD THE MOLECULAR 
EXCITATION 

It is usual to distinguish between eleotron and heavy particules in 
order to characterize the energy transfer from the electrioal power to the 
gas. In this manner two distinct temperatures Tg and Te may exist. The 
difference between these two temperatures oan be derived from an energy 
balanoe (1): 

1e - Tg 
Te 

If mg ( "e e E )'t-

24 me (KTe) 2 
where mg is the mass of heavy partioules 

Xe is the mean free path length of the electrons 
E electric field strength 

1(mg/24.me mass ratio between heavy particles and electrons 
Ae.eE amount of electron energy along one mean free path length 
ITe average thermal energy of the electrons 

Figure 3 ShORS in a semishematic diagram hOR the electron and the gas 
temperatures separate from another (case of an electrical arc) Khen 
decreaSing the pressure. 

HORever the energy of the electrons depends on different parameters such 
as diameter of the reactor, pressure, and on the gas mixture. Von Engel 
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(1) propose a se.ie.piric equation to deter.ine the order of .agnitude of 
the electronic te.perature: 

I.!!!. 1 -1/2 
ITe ,. l eVi 1 

e ""'iTi] .: 

e electron cbarge (coulo.b) 
Te electron te.perature (I) 

Vi ionization potentiel Ar = 13.12 volts 
He = 15.6 volts 

r radius of the discharge reactor (c.) 
P pressure ( •• Bg) 
IC Boltz.ann Cte 

c: gas ete 

exa.plasfor 
P tort'a 

20 

nitrogen 
C 

t.10-2-
'.10~1. 

r 
5 

CPr Te 
18.000 IC 
28.000 IC 5 1. 25 

4. 
0.25 

Be 4.10·~ B2 10-~ 
He 6.10·~ 
A 4.10·:' 

EeV 
2.3 
3.6 

Fro. these results, it can be noticed that the average energy of the 
eleotrons can be .odified by ohanging the Horking para.eters such as 
pressure or the radius of the reactor. 

At last a .odifioation of the gaseous .ixture, in particular by 
introduction of electropbile ato.s or .olecules sucb as fluorocarbon gases 
decreases tbe energy distribution. 

The .axwell or Druyvestein distribution of the energy of the electron 

f(E) = C e.}i ElP( - O. 55( i~)) 

wbere E energy of the electrons 
l average energy 

feE) function distribution of the electrons 

provides 
i ntersecti on 
cross section 
( fig. 6) . 

the population of the electrons with a given energy. The 
of the energy distribution function and of the exaitation 

for a .olecule gives us the population of an excited state. 

Bowever the energy transfer by electronic collision in a nitrogen 
discharge (fig.7) provoking electronic excitation of the .olecule only 
begins for an average energy of tbe electron superior than 1 ev. 

Taking noa into account the potential diagra. for 12 (fig.8), the cross 
section of these species (fig.9) and the electronic average energy Re 
can deter.ine the .ain excitation states in the discharges. These states 
(vibrational and electronics) are responsible of tbe energy transfer and 
the neR cbe.ical reactivity. (S). 

By this .ethod ae are nOR allowed to indicate, for a co.plex .olecule 
the evolution of its che.ical properties: 

new electronic states 
increase of electronic density on antibonding orbital~ aeak 

che.ical bonds and increase of reactivity 
orbitals reactivity 
triplet states i.e. radical productions 

vacancy orbitals and free pair of electrons (Lewis acid-base 
properties) 
ions for.ation 
negative ions (reduction properties) 
positive ions (oxydation properties) 
.odification of the .olecular shape 

modification of the sy •• etry, bond angle, hybridation, loss of ato. 
and radical for.ation 
vibrational excitation 

That is to say that the che.ical properties of the plas.a phase depend 
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mainly on tbe pressure and Oft tbe cbeMical cOMposition of tbe gas feeding 
tbe plasma reactor and electrical parameters. 

BOHever, tbe boundary layer produces large modifications of tbese 
properties due to tbe heat and mass transfer betHeen tbe gas layer and tbe 
target. Consequently the understanding of the plasma gas properties is no 
more sufficient to characterize the boundary layer. For example the 
viscosity phenomena mOdified tbe mass transfer througb the boundary layer; 
but tbese properties 'WI = RI. C C average quadratic speed 

l 311' d"(2 d particule diaRleter 
RI Rlass 

depend essentialily on the average quadratic speed, i.e. on the molecular 
Mobility of tbe specie due to tbe polarizability by the electric field 
strengtb, wbich is specific near the solid surface. 

At last He bave to take into account tbe Rlodification of tbe reactivity 
due to tbe target efrect, its electronic excitation by plas.a impact, 
produced electronic diffusion, sputtering by ion bOMbardeRlent, evaporation 
phenoRlena of atom or volatile species. In other Hords the direct study by 
emission spectroscopy of tbis layer and of tbe surface of the target 
allows the control of tbe surface treatment. 

3. MODIFICATIONS OF PLASHA REACTIVITY BY VIBRATIONAL EXCITATION 

A large part of the plaSMa energy is stored on the vibrational level of 
molecules and radicals. The cbeMical reactivity at vibrational energy had 
been studied by Polanyi (4.5) tor a non equilibriuM systeRl, e.g in the 
following endothermic reaction B ... IF _ 12 ... F 6 H::: 1.37 eV (fig. 2) 
the eVolution of the reaction rate depends on the energy distribution 
between the vibrational, rotational and the translational levels. So, for 
the same energy content in the chemical system, He can increase the 
reaction rate by a factor of 10000 with a specific vibrational excitation. 
In the general case given below: 

A ... BC ('. J) --..,. AB (V'. J') ... C AH > or .( 0 

Polanyi presentsan interpretation in function of the enthalpy of the 
reaction. On tbe next diagraRl (fig.11) we oan notice that the exotherMic 
systems are controlled by the energy barrier in the entrance valley whioh 
is crossed over by the translational energy of BC molecule. Jlhile the 
endothermic system are controlled by an energy barrier in the exit valley 
i.e by the vibrational energy of the cheRlical specie BC. 

These results point out that the reaction rate coefficient Hill be 
Hritten as: 

where f( 'r) 
and Vr"'dVr. 
depends on 
molecules. 

is 
Er 

the 

fIQ 

J[ =lvrr ('t J , V' J' , E r) f (VrT) 

the fraction of the colis10ns in Bicb 
is the relative kinetic energy and 
vibrational and rotational energies 

4. DYNAMIC OF THE SURFACE REACTION MECHANISMS 

dVr 

'r lies between Vr 
the transformation 
ot the reagents 

The three main steps of a surface reaction are adsorption, cbemieal 
reaction, and recoRlbinaison-desorption. Nevertheless the surface reaction 
can be controlled by a Langmuir Sinehel.ood or a Rideal mechanism. In 
both cases the adsorption mechanism depends on the nature of the excited 
molecules of the plasma and on the excited atoms of the lattice. 

Holken had caloulated and de.onstrated that for heterogeneous catalysis 



HCII.;J)·I ..... HI -CI 
[ NOOH-lRIoI'C 

__ .,"'U,,,-'O) 

R'("tol moIt~l-

8-7 

Fig 10: Role of vibrational energy 
on the rate constant for endo
thermic reactions. 
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both of the steps: adsorption and recombination-desorption must be exother
mic. Therefore the desorbed molecules are vibrationally excited(fig. 12)(6). 

Morever the energy transfer between the gas boundary layer and the 
solid during the recombination-desorption step was demonstrated by 
Halpern and Rosner (10) to be shared between the gas and the solid. The 
energetic fraction taken by the metal is p. t , wbere (5 is defined such as 
P = QI A n( D/2) and r is the recombination probabili ty of the N atolls 

sorbed at the surface. They have demonstrated that thep.t product depends 
on the nature of the metal.(fig:13,14). 
Generally, during a chemical nitrogen surface treatment, ~ increases with 
the temperature, by contrast it decreases in the absence of surface 
reacti vi ty. 

5. ROLE OF THE VIBRATIONAL EXCITATION DURING THE NITRIDING SURFACE 
TREATMENT BY NH3: Role of the boundary layer 

The study of the nitriding of metallic targets is developped in a plug 
flow reactor with energy powered by a radiofrequence source (40 HHz). The 
plasma process is created between the coil and the metallic sheet fixed 
(perpendicular to the flow> by a rod. The dynamic plasma flow of HH3 at 
lOR pressure (5-20 torrs) is observed by emission spectroscopy while the 
metal surface is analysed by ESCA and Vickers microhardness. (fig. 15,16) 
( 12, 13, 14>' 

5.1. EXCITATION LEVEL OF N2 MOLECULE IN A MH3 PLASHA Role of the target 

During the pyrolysis of the MH3 molecules we obtain tbe formation of N2 
by an endothermic reaction 2MB3 c=:=t N2 + 3B2 /), H = 1 eV. Tbe spectroscopic 
observations of N2 through the radiative transition C3 tr u ,-. 83 If g 
( A =3804 A) permit to characterize tbe vibrational and rotational level 
of the system, in agreellent with Ricard's calculations (15). 

However the measure of the vibrational state and tbe rotational state 
demonstrate, similarly to tbe theoretical study of the second part, the 
deviation between tbe vibrational temperature and the rotational 
temperature (fig.17). However the characterization of tbe plasma-metal 
boundary layer demonstrates an increase of tbe vibrational e~citation 
from 3400 K to 4200 I witb transition metals wbile a Si target (100) 
decreases tbe vibrational temperature from 3400 I to 2900 K (fig.18,19). 

Finally the energy exchange in the boundary layer and tbe electronic 
excitation level are correlated with the nature of tbe substrat. 

5.2. HEAT TRANSFER TO THE TARGET (fig.20) 

The measurements of the temperature of the target by a thermocouple 
confirm the difference of heat transfer to tbe silicon and to the 
transition metals. Under the MS3 plasma impact at 5 mbars, the silicon 
reaches a temperature 200·C higher than tungsten. 

5.3. REACTION RATE OF NH3 DECOMPOSITION (fig.21) 

The NI3 decomposition rate in the plug flow reactor is lIeasured by a gas 
chromatography analysis of the oulet gas. Tbe data are in agreement with 
the theoretical studies of the reactivity in function of tbe vibrational 
level (Polanyi and Holken theories). In fine a large vibrational 
excitation of tbe molecules near the target leads to an increase of the 
pyrolysis while a decrease of the vibrational level inhibits the chemical 
decomposi ti on. 
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5.4. SURFACE HODIFICATIONS (ESC! ANALYSIS AND VICKERS HICROHARDNESS) 

The surface nitriding of the target depends on the chemical reactivity 
of the plasma species in the boundary layer i.e. on tbe species NU3 , HB , 
and H2. Tberefore an increase of the vibrational level of the gas boundary 
layer produces an increase of the H/metal ratio i.e. the nitrogen fixed 
onto the target. The ESC! analysis indicates the nature of the chemical 
bond between nitrogen and tbe metal, the relative concentration of nitride 

and its evolution in function of the residence time (fig.221. These 
results are in agreement with the Vickers microhardness and demonstrate 
that the mechanisms of nitriding are controlled by the diffusion phenomena 
in the metal. (fig.23). 

5.5. ROLE OF NH SPECIES AND SURFACE NITRIDING PREDICTION 

The decomposition of NH3 involves radicals and atoms formation such as 
HB species (6,11). Tbe measurements by the spectroscopy emission of the 
transition HH (A3W~ X3S)(fig. 24) (A = 3360 !) allow to demonstrate 
the role of the boundary layer and the adsorption phenomena during the 
pyrolysis of the NI3 moleoule. 

Nevertheless these results demonstrate that an increase of the 
vibrational excitation of NU or N2 is correlated with an increase of 
nitrogen chemisorption and consequently .ith an increase of nitriding 
of the target. Therefore.e have demonstrated that the reaotivity of the 
plasma in the boundary layer with respect to the surface can be controlled 
by the vibrational excitation of the species such as NI or N2. The 
chemisorption mechanisms are the key step of the surface treatment, i.e 
that the sticking probability depends on the vibrational state. Aocording 
to Holken theories, the dynamics adsorption proceed through an attraotive 
surface potential with an energy barrier controlled by the vibrational 
energyof the species such as HB, HI3 or N2. Any modification of the 
chemical compOSition, of the pressure, and of the nature of the target 
provokes a modification of the nature of the excited species in the 
boundary layer and their vibrational energy. Consequently the nitriding 
process is controlled by all these parameters. 

5.6. ROLE OF THE IMPURITIES OF THE LATTICE OF THE TARGET (fig.25) 

A plasma treatment of a pure and a doped silicon target allows to 
compare the role of the impurities included inside the lattice. The ESCA 
analysis of the untreated doped silicon indicates the presence of chemical 
bonds such as Si-B, B-O, B-B, metallic B. By treating these two materials 
(Si and Si doped) by different plasma gases (H2, H212, HI3 and 82) the 
specific reactivity of the excited species with the lattice is 
illustrated by figure 25. For instancethe nitrogen plasma transforms 
specifically the Boron metal atoms incorporated in the lattice, in B-N 
compounds while HU3 plasma produces B-N and B-Si-8 compounds. !t last an 
82 plasma treatment increases the 8-Si-H and the photovoltaic efficiency 
of the material by an elimination of the electronic defects. 

In conclusion of this first part, the characterization of tbe boundary 
layers (plasma gas and material) allows us to control the process. 
Nevertheless, for this aim, high resolution emission spectroscopy, ESC! 
analysis of the treated surface and of the raw material, and a good 
knowledge of the chemical reactions between the gaseous excited species 
and the target are necessary. 
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Fig 25 :Modlfication of the silicon 
surface according to the nature of 
the plasma. 
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6. CHEHICAL REACTIVITY OF RADICALS AND IONS. Applications to 
polymerization and etching 

During 
molecular 
properties 
these new 
examples: 

the electronic excitation we observe large modification of the 
orbitals with odd eleotrons, vacancy orbitals, thus the chemical 

and the polarizability of the molecules or radicals depend on 
electronic states. For fUrther clarifications we can choose some 

6.1. TRANSITION BETREEN TRIPLET STATE TO SINGULATE STATE OF 02 MOLECULE 

02 32 gu· .. 02' 'g L\H = 0.98 ev 3'8> 40 mm 

L 
~LeIliS acid or base 
stereoscopic addition on double bonds with diol 

forlllation. 

biradical and forlllstion of carboxyl and pexoxyde 
groups on polymer surfaces with the Randby 

mechanisms (29). 
RH + 02* (triplet state)~ R. + 02H or OR 
R + 02 (triplet state) ~ ROO· 

o 
-~II-"". ac -:JIIIf$ 

RCOO H +4" e 1 
These mechanisms are largely 

polymer surfaces such as PET or 
wettability increase (fig. 26,27,28) 

-- OR 
or 02* .. 

employed for 
PE films or 

( 34) . 

a'. + C02 
the corona treatment of 
fibers to explain the 

6.2. TRANSITION BETREEN SINGULET TO TRIPLET STATE (biradical production) 
(application to nitriding of titanium) 

N2 112" g+ ... N2 13 % u+ AB = 6. 3 ev "S > 2s 
The odd electrons of the antibonding orbital are responsable for the 

high reactivity of N2 biradical chemisorption and nitride formstioD. 

6.3. MOLECULAR SRAPE AND HYBRID ORBITAL (30) 

Application to etching or polymerization 
The molecular orbital implies the molecular shape, thus an electron or 

atom loss leads to a modification of bond angle i. e. a modification of the 
shape and the reactivity. 

CF4 • 
SP3 hybridation 
109', 

CF3 
SP2 hybridation 
120' 

CF2 : 
SP hybridation 

tetraedrique molecule plasma moleoule linear molecule 
an increase of the reactivity from CF4 to CF2 results from the 

modification of the electronic density, the shape of the molecule and its 
Lewis acid/base properties. 

6.4. POLARIZABILITY 

The electrical field strength in the boundary layer induces dipole 
dipole formation, and large modifications of the electronic density i.e. 
polarizability of the heavy molecules. The surface reactivity increases 
with the polar molecules, specially in the case of the transition metals 
with d orbital properties (Lewis acids). 

Large applications such as surface polymerization, encapsulation. and 
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a cathode surface. 
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surface protection proceed form a plasma organic polymerization by 
electrode polarization of the target (fig.29) (18). 

At last general properties of gaseous mixtures can be easily transposed 
to plasma reactivity such as acid base properties. 

6.5. ACID BASE PROPERTIES OF PLASHA SPECIES (19) 

Tbese mechanisms can be correlated with the Lewis acid base properties 
of the molecule or radical. Walter and Franklin (2) have determined the 
proton affinity for a large number of molecules from the following 
reactions: 

X + B+ " XB+ AG/fAB 
Lewis base A B :: (PA) X or proton affinity of 

examples for a number of species ( 211 
atoms 
0- PA :: 

kJ/mole 
1600 

molecules 
NB2 PA:: 

kJ/mole (fig.31) 
1670 

F- PA :: 1550 CFl FA = 1570 
Cl- P! = 1400 PH2 PA 1525 
F PA = 330 HHJ PA = 880 
Ar FA = 330 B20 PA = 700 

IF PA = 550 
An association of these chemical species in the boundary layer or on the 

surface of the material leads to an acid-base reaction such as: 
IB+ + RB;=::::!' RH2+ + I A B < 0 

A 8 = (PA) X - (PA) RH < 0 for a spontaneous reaction. 
These results show that the energy exchange in the acid-base reaction 

are one or two orders of magnetitudes higher in the gas phase than in the 
liquid phase (22,23,24). 

Such phenomena occur in the grafting of fluorocarbons on polymer 
surfaces for which the following mechanisms are generally admitted: 

CF4 ... e- ---tJoo CF3 ... F
F- ... RD ~ R- + 8F 
R- + CF3· + RB .... R - CF2 - R + IF-

These mechanisms which occur in a plasma surface treatment are complex 
due to the reaction of the first polymer layer with the core of the 
material. Thediffusion, charge transfer and crosslinking take place during 
these mechanisms. 

In order to pOint out the correlations between the cbemical properties 
and the molecular structure we have collected in the next table some 
classical species employed for the etching and polymerization processes 
<fig.31). The etching processes therefore followed tbree main Rays: 

j' e.thod. pol." .. t,oo - Lewis acid - Cf+ CBrFl 
Plasma process BF3 

.. 
CF2+ 

anode polarization - Lewis base - CF3- CIF3 SF4-
• • • .. 

ClF2-

PlastDa less electrode less - Lewis base ... 
XeF2 ClF'3 HF'3 

These results are in agreement with the ESCA analysis of the silicon 
boundary layer which point out in tbe case of a cathodic polarization the 
presence of CF+ CF2+ CF3+ in the lattice of silicon for a depth of 100 or 
200 A (25). In the anodic polarization has given rise to F- and SiF bonds 
(fig. 36,37). 
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Fig,31 Radicals - shapes and properties 

Tetraedrique shape Planar molecule Planar molecule 

Bond angle 109 0 bond angle 120 0 Bond angle 12071800 

Hybridation SP3 hybridation 3P2 hybridation SP2/SP 

molecule negative ions positive ions radical biradical or Lewis acid 
or molecule Lewis acid 
Lewis base 

CH4 CH3- CH3+ .CH3 :CH2 (carbene) 
1090 fond state singulet 

excited state singulet 11: 
triplet 3 

CF4 CF3- CF3+ • CF3 :CF2 
109

0 singulet state 1050 Lewis acid 
triplet state 1500 biradical 
time life 1 s at P205 

CC14 eC13- CC13+ • CCn ~eC12 
CHn :CF2 + HI" 

:CF2+ + HF-
CHCl3 :CC12 + HCI 
ffirF3 e/'"3- CF3+ .en :CF2 

Sif4 3iF3- SiF3+ .3iF3 ~SiF2 lifetime 150 s 
weak 
Lewis acid 
3iH4 3iH3- 3iH3+ ,3iH3 ~SiH2 

NF3 NF2- .NF2 • HI" 

10l .' /1" 
;rN = N •• odd electron 1n 

F 1i. orbital Lewis base 

NH3 I NH2- : NH biradical n ) 

strong Lewis base ( 11 D· ) fond state triplet state XI. -
J II 

excited state singulet state + 
Lewis acid llJ~~ 

CIF3 if\ etching rate 5000A/ron .ClF2 (F--Y:--F) B 1"3 120Q Lewis acid 

II SP Lewis base 
BrF3 Lewis base etching rate 50.000 Klmn 

II 

come1ex molecules II 
XeF2 F-¥-F laO

o 

Lewis base etching rate 45 OOOA/mn 
11"5 

~~ 
LeWis base I" 

I" I 
I" _31"4 ,o'~J<.J Lewis base 

31"6 -- 2 SOF2 81' F 
Lewis base 
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Fig 33: Analog computer solutions 
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2 2 2 

~tI'I 
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• 
c 
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12 Of 

~ 
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~ 
(IJ p • 005 mw 
..... :a p .216..., 
:II: 
:::t 
8 t -5mn 

28IJ 2Etl 285 
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Fig 35: ESC! analysis of the carbon peak for 
the pretreated silicon. 

Fig34 : Complex chemical equilibrium diasram 
(or the stoechlometry CZHaF2 
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6.6. POLYMERIZATION PROCESS (26,27,28) 

Large applications of plasma polymerization are controlled by different 
activations mechanisms such as ionic, radical or photonic activation. 
However in a plasma reactor the meohanisms which oocur are muoh more 
complex due to the composition with other phenomena such as excitation of 
some of radicals trapped in the lattice, diffusion of ionic species, 
etohing of oligomers, inolusion of metallic speoies of the support in the 
final product, Or at last reactivity between gas monomer and contamination 
molecules suoh as oxygen in the plasma reactor. 

6.6.1. GENERAL MECHANISMS OF PLASMA POLYMERIZATION (26) 

The study of different teams working on plasma polymerization is 
summarized in the next figure which explains the reason of the complexity 
of the chemical plasma polymerization and the crosslinking phenomena 
(fig.32). 

The kinetio simulation of these reaotions explains the evolution of the 
polymerization rate in function of the kinetic constantes such as etching, 
decompOSition or deposition steps (fig.33). 

From these interpretation we can try to measure the role of different 
parameters during a surface treatment and the role of the substrate. 

1. Interaction between the substrate and the radicals without any oxygen 
contamination 

non volatile species production = grafting 
volatile species formation = etching 
or evaporation by pyrolysis 

2. no interaction between the substrate and the radicals without oxygen 
conta.ination 

plasma deposition phenomena 
plasma polymerization 

3. Interaction between the radicals and the molecules of the substrate 
diffusion or doping 

4. Interaction between the substrate and the radicals with oxygen 
contamination 

competition between ashing, or oxydation 
mechanisms and polymerization phenomena, 
formation of organometallic layers with 
metallic oxydes such as semiconductor organic 
layer of Sn02Cx or Ti02Cx ... 

5. Interaction between the lattice of the substrate and the radicals 
diffusion or doping 
etching and chemical deposition with metal 
inclusion in the form of clusters inside the 
polymer deposited. 

6.6.2. FLUOROCARBON POLYMERIZATION ON DIFFERENT TARGETS MITROUT OXYGEN 
CONTAMINATION (31,32) 

Fluorocarbon polymerization of monomer (e. g. C2 82 F2) on different raw 
materials (Silicon, glass, PET or PP) can be developped by corona 
discharge or glow discharge plasma. 

By using a tubular glow discharge reactor with an inductive RF plasma, 
the plasma deposition on a silicon target depends on the pressure and the 
power of the plasma. ESC! analysis of the polymer film shows the main 
chemical bonds and radicals present through a thickness of 100 A of the 
layer. The presence of CF, CF2, C2F, and SiF or F- bonds depend on the 
plasma condition whereas the carbon species found are in agreement with 
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Fig 36: Decomposed F1s peak 
(ESCA analysis) for the pre
treated silicon. 
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Fig 37: Decomposed carbon peaK of ESCA ana
lysis for the pretreated silicon in an'atmos
phere of C2H

2
F2• 

p=' atm' 3 
C,H2F 2: 17 em 
flowrate Imn 
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d=3mm 
1= 130JA 
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2 

16 
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" 
: .air S.D 
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Fig 39: Varia~ion 'of the free • 
radical concentration in 'run
ction of the residual air In 
the reactor. Experimental 
conditions: t=2.~ sec .• Ar 
flow-rate:280 em !mn, p:1atm 
PP thickness: 18f m 

Fig 38: Decomposed carbon peak of [SCA ana
lysis for the pretreated PET film. 
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thermodynamic calculations (fig.34,35,35,37). A decrease of the H/F and 
the CIF ratios of the gas mixture induces etching mechanisms of the target 
while an increase of these ratios allows a polymerization layer formation. 

Taking the same monomer but employing another mode of electrical 
(fig.38) excitation a(HT corona discharge) provides polymeric film grafted 
to the surface of a substrate such as PET film. These mechanisms emphasize 
the need to control the total elimination of oxygen impuryties inside the 
reactor. 

6.6.3. ROLE OF THE OXYGEN CONTAMINATION DURING A FLUOROCARBON PLASHA 
POLYMERIZATION PROCESS 

By introducing oxygen molecule 
plasma polymerization would depend 
mainly of the three following steps: 

or aic with the fluorocarbon gas the 
on competitive reaction consisting 

plasma activation 

fluorocarbon molecules __________________ ~~~ fluorocarbons films 

oxygen + plasma 
~------------------~,. fluorooxyde products 

carboxyde groups 
C02, CO molecule 

oxygen and plasma 
fluorocarbon film etching mechanisms of the film 

or the target 

By using ESCA and ESR analysis (fig. 39,40,41) we have clearly 
demonstrated the competitive phenomena accuring during the deposition: 
that is the grafting rate of the fluorine groups increases (F/C ratio) 
when the oxygen concentration decreases (demonstrated by ESCA analysis). 
Kith an argon C2F2H2 (85% 15%) mixture, that is when excluding the oxygen 
the high stability of the layer obtained is measured by only a slight 
decrease of FIC ratio when washed with acetone; while the 
oxygene/Argon/C2H2F2 mixture produces fluorocarbon oxyde groups which were 
rapidily eliminated upon water or acetone wahing. These techniques could 
be developped for encapsulation of paper, PET or PP films and alloHs 
multilayers deposition phenomena (fig. 42,43,44). 

6 . 6.4. ROLE OF THE TARGET: glass or metal target 

By using glass or metallic targets plasma polymerization would depend on 
the reactivity of fluorocarbon radicals with the atoms of the lattice for 
example in the case of the substrate glass, large diffusion of fluor atom 
in the lattice through a depth of 0.2 to 0.3 um indicate the chemical 
affinity of the fluor atoms for a calcosodic glass . Therefore a large part 
of the fluor proceeding from the plasma polymerization of the fluorocarbon 
diffuse in the lattice of the target (fig. 45,46,47,48,49) (42). Khen the 
target is a metallic one the system is much more complex and allows 
organometallic polymerization formation with interesting semiconductive 
properties. 

6. 6. 5. COMPLEX ORGANOMETALLIC FILMS 

Large new applications such as transparent electrodes, pbotovoltaic 
antireflective layers, electronic or semiconductivelayers ... require an 
inclusion of the metal in the polymeric film (34,36 ,37,38). 

In the next diagram we can suggest the chemical reactions which allow 
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a) x1500 b) x2200 c) x2200 

Fig 44: l'retreated pp films in a mixture of C
2

H
2

F
2 

+ Ar observed by SEM. 
a) nonpretreated 
b) pret rea t ed in presence of 100 % air 
c) pretreated in presence of 4,5 % air 

7 

Plr? 
9 

2 rr.::;ar 
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Fig 45 Schematic diagra~ of 
the glow discharge apparatus 

Fig 46 :Corona discharge installation 
l:active electrode 
2:glass slide on the plane mass electrode 
3:theTITlocouple 
4:tubular furnace (20-60C a C) 
5:high tension generator (20kV max,60kHz) 
6:substrate traction electrical supply 
7:ultrason ic nebulization s y stem 
8:gas inlet 9:gas e x it 
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fig 49: SIMS depth profiles of silicon and 
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Figure 51 
PlC'D Process 
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Fig 50: ESCA r a tios. Discharge con
diticns:T=200oC, V=8 kV, d=0.5mm, 
CF 4 flow-rate : 0.45 l/h. 
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to reach to this goal. 

~ organometallic mOlecule---'l 

plasma-oxYgene activation--__________ plasma activation 

"1 substrate 'deposition 

total oxydation 

1 
ceramic 

1 
partial 

oxydation 

~ 

low 
orga nometallic film 

oxydation 

of 

~ semiconductive properties 

metal layer organooxyde 
I 

+ oxyde 1 a 'jerE 

I 
reflective transparent electrodes 
properties antireflective layers 

CO-depositio~ 

+02 I polymer film~<~ ___ . 
,, ____ --L.------,----_ ( insulation) 

metallic target with etching or 
sputtering t 

plasma activation --------'" 

1 
organic monomer 
(fluorocarbon) CF4 or C3FB 

By using organometallic molecule such as dibuthytinldiacetate with an 
argon oxygene corona or glow discharge, we can deposit Oft a glass substrat 
highly resistant organotin films 100 A thick. The deposition rate the 
thickness, and the stoechiometry depend largely on the discharge 
conditions in both configurations. Indeed the deposition process involves 
simultaneously three mechanisms: decomposition of the organometallic 
molecules in the gas phase, (39,40) its adsorption onto the surface, the 
ablative effect of the discharge and finally the polymerization reactions . 
The nature of the organic molecule, its reactivity with oxygen or and with 
the substrat control the deposition rate and the chemical composition of 
the film. At last an evaporation of the metal oxyde, or the metal can 
occur in place of an organometallic deposition due to the weak 
metal-molecule chemical bond (f451). 

CONCLUSION 

Large promoting techniques of plasma surface treatment depend on the 
control of the boundary layers between the plasma and the material . Some 
of the properties of the boundary layers can be predicted by the 
thermodynamic calculations specially in the case of PCVD d~position. But 
the activation mechanisms in a non-equilibrium plasma depend on the 
electronic energy and the cross sec t ion of the molecules and the atoms. 
The new electronic excited species explain the large areas of applications 
these surface treatments and thei r larg e combinations, but for a Rell 
reproductable process, new spectroscopic techniques such as Raman laser 
spectroscopy and emission spectroscopy are necessary to control in situ 
the surface process evolution and therefore its industrial developpment. 
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This volume contains three papers that were not available in time to 

include in volume 1. 

The titles of the papers are: 

6.1. Surface and thin film analysis (P.C. Zalm) 

6.3. Optical spectroscopy (J.P.M. Schmitt) 

7 Survey of applications in plasma etching and plasma deposition 

(G.K. Herb). 



6.1. Surface and Thin Film Analysis 

P.C. Zalm 

Dr. Peter C. Zalm works at the Philips Research Laboratories, 

Eindhoven, The Netherlands. His principal interest is the interaction 

of high speed particles with solid surfaces. 



SOME REMARKS ABOUT SURFACE AND THIN FILM ANALYSIS 

P.C. Zalm, Philips Research Laboratories, 5600 JA Eindhoven - The Netherlands 

1. INTRODUCTION 

After a surface has been subjected to a plasma treatment it is often de

sirable to investigate it by analytical techniques in order to establish what 

alterations (modifications, residu deposition or compositional changes) have 

been caused. In general this will require some kind of surface sensitive mea

surement technique. Charged particle beams impinging on the target are often 

used for information gathering, because of their ability to be focussed which 

in turn enables localized sample inspection. An obvious problem, which exists 

for almost all surface analytical techniques, is that the measurement itself 

may affect or change the target. Moreover, the more surface sensitive a 

technique is the easier contamination from atmosphere or rest gas in a vacuum 

system will influence the observations. In these lecture notes we will very 

briefly present and discuss the basic principles and operating characte

ristics of some commonly used surface analytical techniques. 

1.1 SIMPLE KINETIC GAS THEORY 

For a gas with N molecules per unit volume the number of particles n(v) 

with velocity between V' and v+d3v follows Maxwell's distribution 

m 3/2 f m 2 2 2} _ 
N(~kT} exp -2kT(vx+vy +vz ) d3 v , ( 1 ) 

where m is their mass and T the temperature of the gas. The absolute velocity 

distribution n(v) is given by 

n(v) = ~ v 2 3/2 exp _(~)2 
iii' Vo ' 

wh\~re the most probable velocity vo'" ~ 2kT/~ 

(2 ) 

129 ~ mis, with T in [KJ 
and M in [atomiC units]. The average velocity v = 2vo/~~land the root-mean 

square velocity ~2' va ~ all indicate particle velocities of the order 

of the velocity of sound in the gas! 
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From eq. (1) the pressure P exerted on the walls follows as 

P = NkT. (3 ) 

{pressure units 1 atm (~1 Barr) corresponds to the pressure of a 76 em mer

cury column on earth at O·C, i.e.¢or>1.0x10 5 [Newton/m2 = pa(scal~. 1 mm H~1 

Torr 400/3 pa.l From eq. (3) we learn that 1 atm corresponds to a density 

of 2.5 x 10 19 particles/cm3 • For comparison: in an elemental solid the den

sity is about 10 22 _10 23 particles/cm3 • This implies that one monolayer of 

solid or condensed material is 3 A thick and contains IV 10 15 atoms/cm2 ! 

From eq. (1) the number of particles,~, that hit a surface per unit 

area and time follows as 

\JkTl 
V= N'~-I = 2Tm 4 

P 

2 mkT 

p~a] 
2.6x10 20 ----- /cm2s. (4) 

~ 

The mean free path, I (distance traveled between two collisions), is found to 

be 

(5) 

where d is the diameter of the particle (assumed to be spherical). ~For dif

ferent types of molecules replace diameter d by the sum of the radii (r1+r2)i 

for a multicomponent gas f j - 1=61f [Ni (ri +J )2 i for electrons le=orf'Nr2 )-1.~ 

Formulas (1-5) are only approximately valid and breakdown if the "eigen

volume" of the gas becomes significant (i.e. for If atoms/cm3 if ¥.4/3"fi-3 ~ mm3 

or Jf~1019_1020). 

When a particle approaches a surface it may collide elastically and reflect 

back into the system or it can interact (exchange energy) and "stick" to the 

"wall" atoms: it adsorbes. After some time it may desorb again. 

Physisorption: AEad~0.4 eV/atom or molecule (~40 kJ/Mole or 10 kcal/Mol) 

Chemisorption: 6 Ead ~ 1 eV / atom or molecule 

\PhySisorption is common for non-polar molecules or atoms (e.g. CF4' noble 

gases. Physisorption often preceeds chemisorption. Chemisorption of molecules 

often results in dissociation. I The average surface residence time, 1:', is 

given by (= t oexp(AEad/kT), where '0 is of the order of 10- 12 s. 

1.2. THE INTERACTION OF ELECTRONS WITH SOLIDS 

When an electron penetrates a solid it may loose kinetic energy in a 

variety of ways. 

i) By excitation of lattice vibrations ("phonons",AEp h""'O.01-0.1 eV). 
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ii) By causing collective density fluctuations of the target's electron gas 

("plasmons", ~Epl ..... 10 eV). 

iii) By energy exchange in violent binary conditions with target electrons, 

but not with atoms because of the huge mass difference. 

In the latter case electrons originally (strongly) bound to an atom may 

be excited or even released, leaving a "hole" in the electron shells. Such a 

hole may be "filled" by less bound electrons and the transition energy gained 

in this manner can result in either photon emission or ejection of a third, 

the "Auger", electron (see section 2). In general process iii) leads to fast 

recoils which in turn may liberate subsequent generations of progressively 

slower electrons until finally their energy is too low to excite electrons 

anymore. 

The penetration depth of energetic electrons in a solid is roughly given 

by 

R(Eel) ::::. 10 E!{3 [).lg/cm2J, (6) 

where Eel has to be inserted in [keV) and R can be converted to regular depth 

units through division by the gravimetric density,!' in [).lg/cm31, of the 

solid. 

Another interesting quantity is the inelastic mean free path of an electron 

of energy E, A i.e. the average distance it may travel in a solid before it 

suffers some kind of energy loss (see fig. 1). Although not expected a 
priori, l.. is surprisingly material independent and given by 

(7 ) 

where for elemental targets A=143/B=0.054 and for inorganic compounds A=641/ 

B=0.096, together with E in rev] have to be inserted to obtain ~ in [nm1. 
Equation (7) implies a minimum of A~5 A around 50 eV, very small indeed! 

Even between 10 eV and 2 keV always ).<60 A. We will later see that good use 

can be made of this feature in surface sensitive analytical techniques. The 

singularity at E=O in eq. (7) is not unrealistic. The mean free paths of very 

low energy electrons can indeed be of the order of 1 ).lID, owing to the Pauli 

exclusion principle. We will not go into this in detail here. 

Energetic (EO) electrons penetrating the electron cloud surrounding a target 

atom experience the strong Coulomb field of the unscreened nucleus and will 

be deflected. The Rutherford scattering formula for this process is given by 

(see also fig. 2) 
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e
4

Z
2 

(Ill{)C2+EQ )2 
(8) 

641f2~E2 sin4 t9-12 2InoC2+EO 

(mOc2 511 keV electron rest energy). Equation (8) is invalid at small 

" $ 1 ., because of the screening I and at high p( - 180·) because then 

the electron spin has to be taken into account. The energy lost by the elec

tron during deflection as photons accounts for the well-known phenomenon of 

"Brehmsstrahlung". 

The total spectrum of electrons emitted from a surface upon exposure to 

a beam of energetic electrons is given schematically in fig. 3. 

1.3. IONS; MISCELLANEOUS REMARKS 

Most of the features of ion-solid interaction will be covered in the 

lecture on "Plasma-wall interactions; consequences" and need not be repeated 

here. Just remember that ions can be used for sputter-etching (also called 

"ion milling") and that this phenomenon can be applied for "peeling off" sur

faces to study compositional changes as a function of depth (although ion 

beam mixing, preferential sputtering and non-constant erosion rate will in

fluence the reliability of such a "thin film" or "depth profiling" analysis). 

For isolating targets, bombardment with charged particles may charge-up 

the surface thereby preventing subsequent particles from reaching the 

surface. Positive biasing of the target can be prevented by spraying it with 

low-energy electrons from a filament. Deliberate target biasing on conducting 

surfaces is sometimes useful to prevent secondary electron liberation, there

by allowing for more accurate current determination. 

Both electron and ion bombardment may lead to the ejection of electrons 

from bound levels in target atoms. As a result chemical bonds may be broken 

and sometimes electron (ion) stimulated desorption may take place. 

Beams of energetic particles (electrons, ions or photons) will heat up a sur

face. As a rough order-of-magnitude estimate for a beam with input power 

~watt I diameter d and penetration depth R, incident on a semi-infinite 

solid with a heat-af-conduction coefficient Cw ~att/m.s.~J, the temperature 

difference between irradiated area and infinity is (see also fig. 4) 

(9) 
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2. Characteristics of some surface sensitive analytical techniques 

2.1. ELECTRON MICROSCOPY; THE SCANNING PRINCIPLE 

The basic idea behind Scanning Electron Microscopy (SEM) is a rather old 

and conceptually simple one, but with a high versatility. A narrow focussed 

el(~ctron beam ( 10-100 keV,? ..... 0.1 )lffi but can be as low as 100 AI) is 

rastered (swept) over the surface to be investigated by magnetic deflection, 

see fig. 5. Detection of the electrons ejected from the target (their 

spectrum has been given in fig. 3) in coincidence with the motion of the 

incoming beam gives highly localized information on the emission behaviour. 

In principle the contributions of the "true" secondary electrons (with 

energies ~ 50 eV) and the backscattered primaries (with 

Epr im- 50 eV,t Eback~Eprim) can be separated. E.g. by positioning an electron 

detector outside the direct line of sight, at a positive bias of some +100 V 

the former group will still be "sucked-in"; a detector in direct line of 

sight to the sample at a -100 V bias, which stops the slow ones, still 

registers the latter, reflected, electrons. Of course also the current on the 

target can be used as an information source. Using the detector signal as 

input to a video of a TV-set, of which the line frequency is 

synchronized with the microscope scanning, an enormously magnified image of 

the local emission behaviour is obtained. {Magnification depends on area 

scanned, but may be up to 5x104 with resolution limits on the target of the 

order of 200 AilS Because the electron beam is in focus over considerable 

depth, owing to the electron optics quality, the depth-of-field is large when 

compared to sa conventional light microscope. ~LM: d-o-f 300)lffi at 10 )lffi 

resolution, down to 3 )lffi at )lffi; SEM still has a d-o-f of 100 )lffi at resolved 

details of less than 0.1 )lffil} 

There are several important causes for contrast in SEM images. These will be 

discussed below. The effects may differ for the secondary electron (SE) 

signal or the reflected electron (RE) detector output as information carrier. 

i) E:n3!u.!..aE. .£0.!ltE. a~t 

If the beam hits the target at an angle ~ with respect to the surface 

normal more secondary electrons will be liberated near the surface with a 

possibility to escape. Simple geometrical arguments lead to a yield increment 

Sse~ 1/cosf)., a rule obeyed experimentally (for targets with Z-30 for z::; 
10 the angular dependence is slightly steeper, for Z~60 noticeable more 

gentle). The reflected electron signal SRE also increases with ~, but 

levels off to a maximum at angles ~~70·±10· and becomes very low for 
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grazing incidence (~t90·) because of specular reflection. 

ii) shadow contrast 

Elevated details on a surface may block electrons from reaching the detector 

(fig. 6). The SE signal is affected least because of the attractive potential 

on the detector. 

iii) J..wle~g~ .£oE.t.E.a.!!t 

If the object is partly transparent for the primary beam, locally extra re

flected and secondary electrons can escape (fig. 7). Small edges ~thickness d 

«R eq. (6)] cannot be seen in the RE mode, only in the SE mode. 

iv) material contrast 

As the cross-section for off an atom increases with Z (eq. 8) the 

RE signal is generally higher for heavier elements. No simple rules can be 

given for the SE signal. 

v) .,£o.!.eE.t2:.al.£oE.t.E.a.!!t 

The relatively slow SE ( £ 50 eV) are very sensitive to charge up of certain 

areas of a target surface a negative (positive) bias enhances (reduces) SE 

emission • The swift RE are not significantly affected. 
• The low-energy SE stem from close to the surface (~20-50 A, see sect. 

1.2 eq. 7), whereas the RE come from much deeper (t~ R (eq. 6)/2-3, because 

they also have to escape!). The RE on average suffered multiple scattering 

and therefore stem from a laterally less confined region. So both resolution 

and surface sensitivity of SE is better. 

With (good) isolators target charge-up may pose a problem. Coating with 

a thin conductive layer (~100 A) by evaporation or sputter deposition (often 

of Au) this can be circumvented. The advantage is that in the RE mode 

material contrast is retained and with SE topographic information can be 

obtained even better. 

Literature L. Reimer and G. Pfefferkorn -Raster Electronenmikroskopie 

(Springer, Berlin, 1977). 

2.2. ELECTRON MICRO PROBE 

An energetic electron striking an atom may excite electrons that were 

originally strongly bound. Thus a deep lying "hole" is created. This may be 

filled by a less bound, outer shell, electron. The energy agained in this 

transition,~Etrans=Ecore electron-Eouter shell, can be emitted in the form 

of a Rontgen-quant (a photon) of energy hv ~Etrans' or by ejection of an-
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other weakly bound electron (the "Auger" electron, which gets a kinetic 

energy Ekin~Etrans-Eweakly bound; see subsect. 2.3.). This photon energy is 

highly characteristic for the particular element hit. In EMP use is made of 

this phenomenon. Energy resolved detection of photons emitted from a target 

upon energetic (10-100 keV) electron bombardment proceeds by diffraction on a 

crystal or grid and a photomultiplier. [Remember Bragg's law: 2dsin~=nA. 

A problem is that the photon wavelength ~ must be of the order of the 

crystal lattice spacing d (i.e. A~20~) and that the photon emission probabi

lity must be non-zero. Both demands make it impossible to detect very light 

elements (Z <6) • 

A second problem is that the electrons create photons over their total 

penetration depth (eq. 6) i.e. over 0.1 - 1 pm, which is also approximately 

the photon extinction length or escape depth. This limits lateral and depth 

resolution. 

Finally photons of heavier atoms can be adsorbed by lighter ones (creat

ing new generations of excitation) on their way out and also electron back

scattering enhances surface sensitivity. Backround continuum X-rays originate 

from "Bremstrahlung" (radiation emitted when an electron penetrates the elec-

tron cloud surrounding an atom and is deflected in the field of the atomic 

nucleus). All of this greatly complicates quantification. Nevertheless EMP 

analysis can be done and is often combined with SEM to provide elemental in

formation. Detection limits are 0.1 %, for low Z elements, down to 1 ppm. 

2.3. AUGER ~ PHOTO-ELECTRON SPECTROSCOPY 

The basic principles are depicted in fig. 8. Electrons are ejected from 

bound states in the target either by photon absorption or by electron (1- 5 

keV) bombardment. Elemental information is obtained by energy dependent elec

tron detection. In the former case we may use the electron emitted itself. In 

the latter case we need to detect the second electron emitted in the Auger 

process, because the first one does not have a well-defined energy. 

With ultraviolet light (UPS, hV- 10-40 eV) only weakly bound (valence) 

electrons can be ejected. With X-rays deeply bound core electrons can be ex

cited. \These Rontgen photons are created by electron bombardment of a metal 

(mostly Kolradiation of Mg or Al with hv = 1.25 or 1.49 keV, respectively, 

is used) as discussed for the EMP in subsect. 2.2; this type of source is not 

very intense.} 
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Ejected electron energies in UPS are a few eV. The spectrum is conti

nuous with a lot of fine details. fIt's even sensitive to unoccupied electron 

states in the target! } UPS is not extremely surface sensitive (see also 

eq.7). In XPS and AES the electrons kinetic energies range from 10-2000 eV, 

so surface sensitivity is high. The spectra are in principle discrete. For 

AES the background due to secondary electrons is prohibitively high (see 

fig. 3). Therefore the AES N(E) vs E curve is usually differentiated. Total 

N(E) spectra for XPS and dN/dE spectra for AES for all elements exists in the 

literature. 

Auger linewidths are of the order of 5-10 eV, XPS linewidths only around 

eV, because in the former three levels are involved, one of which is often 

a broad band. As a consequence energy level shifts due to chemical binding 

differences between elements and compounds, which are 1-2 eV in magnitude, 

can only be detected with XPS. fA notable exception: the AES spectra of Si in 

elemental Si, Si3N4 and Si02 are clearly distinguishable 1 This special 

feature of XPS necessitates the use of analysers with a much better electron 

energy resolving power (f= E/6E) than those commonly applied in AES. Some 

examples/principles are shown in fig. 9. 

For XPS and AES, the detection limit for impurities is rather low, 0.1-1 

% of a monolayer i.e. still too high for e.g. doping levels in Sio. Quantifi

cation is very complicated for AES and difficult with XPS. Based on gauge 

factors from elemental spectra concentration estimates from AES and XPS may 

differ by as much as a factor of 2 and 30 %, respectively, from reality. 

Ultraviolet light and Rontgen sources cannot conveniently be focussed, 

whereas electrons can. Therefore it is only feasible to use AES as an imaging 

technique (like the SEM, sect. 2.1). Combining XPS and AES with depth profil

ing through ion beam sputter etching converts these techniques to a thin film 

analysis tool. 

Literature D. Briggs and M.P. Seah-Practical Surface Analysis (Wiley, New 

York, 1983). 

2.4. SECONDARY ION MASS SPECTROMETRY 

Ion bombardment of a target results in the sputtering (ejection) of sur

face atoms (usually stemming from a depth of N5 A only!). A small fraction of 
~ 

the emitted particles may be ionized (N 0.1 %). These ions reflect the compo-

sition of the target, which makes their detection useful. Mass analysiS of 
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the sputtered ionic species proceeds by postacceleration and electromagnetic 

deflection to final detection in a photomultiplier. 

Problems with SIMS are that the probability to be ejected and survive as 

an ion strongly depends on the composition of the target surface. A few per

cent oxygen coverage may enhance the positive ion emission by orders of mag

nitude. This so-called matrix effect -i.e. the detection probability of a 

certain type of atom is inclued by the atoms surrounding it- makes it very 

difficult to quantify SIMS results if contamination levels exceed ~1 %. Care

fully prepared gauge samples have been used successfully for calibration pur-

poses. 

Also the ejection of clusters besides single atoms complicate a SIMS 

analysis. For example,S keV Ar+ ion bombardment of Si3N4 not only yields N 

and Si but also e.g. N2 or Si2 and SiN2 which have the same nominal mass. 

This necessitates a high mass resolving power of the analyser, which is inti

mately connected to a loss of statistics i.e. a higher contamination level 

detectability limit. 

The biggest advantage of SIMS is that trace amounts of impurities can be 

detected (~1 ppm, i.e. concentrations of less than 10 17 /cm3 , sometimes even 

down to 10 14 /cm3 !), which is ideal for Si IC-technology. 

As the primary ion beam can in principle be focussed, rastering and con

sequently SIMS imaging are possible. Since sputtering is a natural part of 

SIMS the extension from static SIMS (spot diameter .... 1 mIni low ion fluence~ 

only very surface probed)to dynamic SIMS (narrow beam, ¢~10 ~) in order to 

do depth profiling for thin film analysis, is a logical one. Ultimately, as 

in all other sputter-profiling assisted techniques, the depth resolution is 

limited by such factors as ion beam mixing, preferential sputtering and 

"peel-off" rate variation, crater wall effects (as e.g. sputter redeposi

tion); see fig. 10. 

Literature H.W. Werner, in : Electron and Ion Spectroscopy of Solids 

(Plenum, New York, 1978) pp. 324-441. 

2.5. ION SCATTERING SPECTROSCOPIES 

An ion hat has a specific energy and is scattered off an atom, initially 

at rest, in a specific direction has suffered an energy loss typical for the 

target-to-projectile mass ratio (see fig. 11) 

E IE _ [COS0+ VCMt/Mp) 2_ Si n20'] 2 
after before - 1+ Mt/Mp , ( 10 ) 
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in the hard sphere approximation. This feature is used in Low Energy Ion 

Scattering (LEIS) spectroscopy where backscattered ions (usually 1-3 keV He+) 

are energy-analysed in an electrostatic deflection system at a detection 

angle 0. Because the neutraLization probability is extremely high only parti

cles reflected from surface atoms in a single collision survive as ions. Mul

tiple scattering and penetration of the topmost atomic layers inevitably re

sults in neutralization (except for H+ ions, therefore these are useless as 

consequently Ebefore will be ill-defined). The energy spectrum of the back

scattered ions immediately reflects the mass composition of the surface. 

The sensitivity is good (a 0.1 % of a monolayer), the destructivity fair 

because He+ ions do not sputter efficiently. All masses with Z> 2 can be de

tected. Quantification is excellent once the yield (ion fraction out/ion in) 

has been measured for all elements in a specific apparatus. No chemical (bin

ding) information is obtained and matrix effects are virtually absent. 

In Rutherford Backscattering Spectroscopy (RBS) another, but related approach 

is followed. Here a high energy (1-2 MeV) light ion (usually He++) beam (0~ 

0.1 mm) is directed onto the target. Neutralization of the ion does not occur 

at these velocities, it remains essentially a point particle (dimensions ~ 
10- 14m!) which only looses energy by electronic excitation of target atoms 

(the so-called electronic stopping power regime). On the rare occasion that 

it passes on atomic nucleus, after penetrating to some depth d in the solid, 

so closely that it will interact (scatter) it does so violently. The chances 

are small that it undergoes multiple scattering on its way out after this 

collision. Thus energy dependent detection of He++ ions (~-alpha-particles) 

backscattered over an angle 0 provides compositional, depth dependent infor

mation (see fig. 12). 

The resolution of the solid-state detectors used for ~particles is 

fairly low (aE ~ 10 keV). Electrostatic can, unfortunately not be 

used at such high energies. Therefore, depth resolution is limited to some 

50-100 A. The probe depth may be 1 ~. Detection limits for impurities may be 

as low as ppm. 

In the case of a single crystal target the ion beam may be aligned with 

any major crystal axis, by placing it in a goniometer annex sample holder 

stage. If the beam is parallel to an axis the outermost atoms in a row screen 

the deeper lying ones from the beam in a so-called shadow cone (fig. 13). 

Thus scattering will be either off the topmost atomic layer or not at all 

(approximately), the ions "channel". The N(E} vs.E spectrum of reflected ions 

shows a peak at maximum energy and almost no contribution from scattered, 
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penetrated, ions that lost some energy by electronic excitation. Surface peak 

(SP) and channeling minimum also contribute information about 

reconstruction/relaxation of the outer layer{s) and crystal quality 

(imperfections, impurities etc.)j fig. 14. 

Literature: W.K. Chu, J.W. Mayer and M.A. Nicolet-Backscattering 

Spectrometry (Academic Press, New York, 1978). 

2.6. ELLIPSOMETRY 

In ellipsometry, a 50 year old technique, polarized light reflection is 

employed to determine bulk and thin film optical properties (index of re

flection n, extinction coefficient k and film thickness), even for submono-

layer coverages. The big adVantages of this method are its non-destructive

ness, no specimen charge-up and applicability in a non-vacuum environment (so 

it could be used inside a plasma reactor in operation!). 

The basic instrument is given schematically in fig. IS , which is largely 

self explanatory. The total electric vector of the incident light wave can be 

decomposed in a parallel (p) and perpendicular(s) component to the surface, 

Ep's = Ap,seXpi(wt+bp'S), (11) 

where w is the angular frequency (2~~) of the light. In general reflection 

will result in a change of both amplitudes Ap ' and phases Op' bs ' These 

changes are described by two parameters 6. and ':I'" , according to 

(b
p

- Os> (r)_(6
p

_ bsl i ), tan't'=(~) (r) I{~) (i) , 
As As 

where the superscript (r) and (i) stand for reflected and incident beams, 

respectively. The connection to the reflection coefficients Rp's is given by 

Ep (r) 
E (1) 

P 
For the instrument of 

/ 
Es(r) ,ir 
(i) = tan X exp{i~) 

Es 

( 12 ) 

fig. 15, the settings (p) of polarizer and (a) of 

analyser which given minimum intensity on the photocell are related to and 

as 6= 90 ·+2p, 1'" '" a. 

The functional dependence for a thin layer 1 of material on a bulk sub

strate b 

tanYexp(i.!1) f(~O,nO,Y'O,nl,kl,dl,nb,kb)' (13) 

where Ao, rO,nO,nb and kb are either known, adjustable or measurable in the 

absence of the thin film, gives a (sometimes extremely) complex equation with 
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three unknown variables (nl,kl,dl ) and two measurable quantities (~,i:). By 

calibration with well-characterized gauge samples or angle- and wavelength 

variation combined with computer-simulation-based educated guessing satis

factory results are obtainable. 

From the complex index of refraction ~= n-ik the complex dielectric 

function ~ = 'il2 = n2-k2-i2nk = t '-iE''' can be obtained as a function of photon 

'" energy by varying the wavelength. As £ is among others determined by energy 

loss of the incident wave to single particle and collective excitations of 

the electrons it is intimately connected to the plasmon dispersion relations 

and thus to the charge distributions and band structure in the layer. 

Normally the third derivatives of £' and [" are plotted against photon 

energy hv to boost the element-specific features. 

polarizer 

linear polarization 

elliptical polarization 

linear polarization 

analyser 

extinguished 

Fig.15~ Schematic view of the ellipsometer. 

sample 

a b 

Fig. ,s'"Schematic representation of the reflection of polarized 
light. 

a clean surface (one interface). 

b surface coyered by a layer (two interfaces). 
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J<illure 3. Spectrum of inelastic electrons. I, elastic peak of diffracted electrons; II, primary electrons having 
suffered from characteristic energy losses due to ionisation and electronic excitation; III, multiple-scattered 
primaries and secondaries including characteristic Auger electrons; IV, true secondary electrons (broken 
curve) from cascade processes. The inserts show Auger transitions and phonon losses, respectively. The 
angular distribution of the various contributions is quite different. The relative intensities therefore depend 
on the acceptance angle (from Ibach 1977). 
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FIG . .9 Three kinds of electron 
spectroscopy. The one-electron 
energy-level diagrams at the top 
arc for a mythical ideal free-
electron metal. They are not 
drawn to scale. At the extreme 
kft arc the electronic configur-
ations in which the letters s, p, d, 
r ... signify electrons having 
orbital (angular momentum) 
quantum numbers 0, 1,2,3, ... ; 
the numbers to the left of the 
letter denotes the principal quan-
tum nu mbcr of one orbit; the 
superscript to the right of the 
leiter denotes the number of 
electrons in the orbit. At the extreme 
right are the labels for the orbitals 
used in X-ray spectroscopy. 

-nlC levels "K, etc. correspond 
tn the hinding energies of the 
electrons measured from the 
vacuum level. 
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(h) XPS 

l~·ray photons 

~. 
Vacuum 

v 

L, 

K 

Emitted kinetic ~ (hv-Evl 
energy 

p=2~8000 
1l/21f=O·03-.()-12 

(a) 

Spherical 
section '\ 
grids , 

Specimen \ 

I 

'" I 
/ .. / 

"( 
-V 

p=60-500 
n/21f=O'I~'4 

(b) 

Detector 

(e) 

(d) 

Coaxial cylinders -
p=200-2000 

nf2lr=O'OI~-11 

Cylinder lens 
p = 500--8000 

!l/21f=O-OI~'1 

o 

Concentric 
hemispheres 

FIG. -' Four methods of electIon-energy analysis after photoemission or an 
Auger process. Typically accessible ranges of p and nIl" are indicated for each 
method. (a) The magnetic double-focusing spectrometer. Here the field H is made 
to be proportional to rt for an electron trajectory of radius r. (b) The electro
static retarding potential analyser. The potential- V on the second grid results in 
eJectIons with kinetic energies greater than e V reaching the detector. The grids 
and detector are concentric spherical sections with their cen tre on the sampling 
surface and at the centre of the region of eJectron emission. (c) The electrostatic 
cylindrical mirror analyser (eMA). Appropriate potentials on the outer and inner 
cylinders result in electrons with a particular kinetic energy being focused at the 
detector aperture. (d) The electrostatic concentric hemispherical analyser (CHA). 
The electIon source on the sample surface is focused onto the entrance aperture 
I of the analyser. With appropriate potentials on the inner and outer hemispheres 
electrons with a paIticular kinetic energy are focused on the output aperture O. 
The three-element output lens then focuses this image onto the (real) aperture of 
the detector. 
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\ 
FIGl:R E13, Formation of a shadow cone at the second of a pair of atom, aligned wIth 
an incident ion beam, The shadow cone radius at the second atom is denoted R, 

FIGURE 1J. (a) Geometry for particles of incident energy L. mass 
M I. and atomic number Z, scattering from a surface atom and an atom 
at depth t of a solid of mass M:. atomic number Z:. and a surface 
impurity of mass M, (M, > M:) and atomic number Z\. (bl Energy 
spectrum of scattered particles with a peak of area y, corresponding 
to the areal density of the species M '. and a contmuum corresponding 
to scattering from various depths of the substrate, ~ o 
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Fig.l~. Schematic of the dependence of the intensity of the SP on different crystal surface 
structures: (a) The ideal crystal SP from "bulk-like" surface; (b) enhanced SP observed in nor
mal incidence for a reconstructed surface; (c) enhanced SP observed in non-normal incidence 
for a relaxed surface; (d) reduced SP observed in normal incidence for a registered ovcrlayer. 
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OPTICAL SPECTROSCOPY IN REACTIVE PlASMAS 
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I. INTRODUCTION 

Understanding plasmas is a challenging problem shared by many 

fields of research like astrophysic, nuclear fusion, gas lasers, spacial 

telecommunications, arc and lamp technology and fairly new but very active 

incomers : plasma chemistry and thin film technology. For him who has ever 

"seen" a plasma, light emission is the most obvious manifestation of the 

discharge and it already carries a very relevant information: whether the 

plasma is "on" or "off", Most scientists working at the improvement of any kind 

of process involving a plasma feel that a tremendous flow of information must 

be contained in this conspicuous light emission and that they should use it for 

the sake of understanding the rather impredictible behaviour of their plasmas. 

Understanding and interpreting light emission from the plasma is 

all what the present paper is about. We will find that if indeed very relevant 

data are contained in plasma spontaneous emission it will not give an obvious 

answer to all of your problems, it will instead arise a new string of very 

arduous problems. The mere analysis of spontaneous light emission has indeed 

several intrinsic limitations which can be overcome with the help of new 

techniques where the interaction of the plasma with an external light source 

will provide new informations. This is the field of active spectroscopy which 

has become extremely successful with the availability of lasers. 

All these spectroscopic techniques have two points in common, 

they need only one or two window ports in the plasma reactor walls and they are 

practically non perturbing for the discharge. Except for the most sophisticated 

active spectroscopy set up, these diagnostic tools require, in general, a 

limited amount of investment in hardware, however, since interpretation of the 

data can be very touchy, they are rather demanding in terms of human brain. 
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II - THE BASICS THAT YOU SHOULD KNOW. 

There is no hope of doing anything serious in spectroscopy in 

general and plasma spectroscopy in particular unless you know your basics in 

quantum electronics. The following lines are not a substitute to the many text 

books where you can find the relevant knowledge, it is just a list of key 

'words. You should make sure that these key words mean something clear to you 

before struggling with a plasma spectrum. 

11-A - ATOMIC SPECTRA 

Electronic sta t,~s. Energy levels. Quantum number. Ground state. 

Ionization energy. Rydberg states. Fine and Hyperfine structure. 

Statistical weight. Stark and Zeeman effects. 

II-B - MOLECULAR SPECTRA 

Group theory. Rotator quantification. Harmonic oscillator 

quantification. Statistical weight. Molecular potential. Adiabadic 

dissociation energy. Molecular energy levels. 

I1-C SELECTION RULES 

Coupling of an atom with radiation. Matrix element and oscilla

tor strenght. Selection rules. Vertical transition for molecules. Rotation 

and vibration selection rules. Metastable states. 

II-D - THERMODYNAMICS AND RADIATION TRANSPORT 

Spontaneous emission. Life time. Absorption and stimulated 

emission. Black body radiation. Einstein coefficients. Optical thick

ness. Soltzman law for rotation and vibration. Optical pumping. 
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II-E - LINE WIDTH 

Natural width. Doppler, Stark and collisional broadening. 

Resonant trapping and broadening. Gaussian, Lorentz and Voigt profiles. 

III - SPONTANmUS DlISSIOJ( 

III-A - TECHNIQUES IN SPECTROSCOPY 

a - Window 

The first step toward spectroscopy is to implement a window in 

the plasma system. One should be careful to 

- keep a dark background or use an adapted reflecting system (not 

really recommanded) 

- use a window transparent in all the spectral range you are able to 

study with your detection system. 

- adapt the optical ,aperture of your observation port to your 

monochromator. 

- use one or two lenses to go toward your monochromator. One lens can 

be the vacuum window. 

Problems can arise from plasma depositing non transparent films 

on the window. Possible solution are : i) place the window at the 

remote end of a long tubing, ii) protect the window by a disposable 

transparent film (possibly on a roller), iii) protect the window by a 

blanket of neutral gaz. 

Monochromators can be very bulky and difficult to place near a 

reactor. A convenient way consists in using fiber optics as a long 

and flexible connexion (but UV is likely to be absorbed on the way). 

b - Monochromators 

The grating monochromator is today in the visible and near UV 
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range the best compromise for luminosity and resolution. One should 

make sure that the grating is well covered by the incident light. 

Practical resolution of a grating monochromator varies with the actual 

size of the apparatus. For most standard experiments a 50-70cm focal 

length monochromator will be appropriate. More ambitious experiments on 

molecular species or line width can require much larger systems. 

Prism monochromator can still be of interest for system having a 

difficult optical access, hence a small geometrical aperture. Fourier 

transform spectrometers are interesting but available only for the 

infra red. Finally, interference filters cannot be used for scanning a 

spectrum but they are usefull for monitoring an interesting emission 

line during a process. 

III-B - SPECTRA IDENTIFICATION 

The analysis the radiation emitted by a discharge 

:'Uffi< In a typical" occtrum three types of components can :)f:'; 

identified. Isolated strong lines (or multiplets) generally originate from 

single atoms (neutral or positvely charged). Clusters of regularly distributed 

lines are band emission from molecular species. One band is associated 7:0 a 

given electronic and vibrational transition, the many lines correspond to the 

various rotational levels. Sometimes the string of lines in a given band turns 

back generating a peak of overlaying lines called a band head. Broad 

featureless spectrum can be a continuum emission or a molecular band spectrum 

where the individual lines are to close to be resolved. Continuum emission can 

have various origins: free electron collisions (brehmstrahlung), ion recombina-

tion (f"ee bound) anl~ molecular ndiation involvi:1g a :epulsive state. 

Identifying the features of a given spectrum requires reference 

to spectroscopic data books [1 ] or shape recognition from an experienced 

spectroscopist. If you do not have this kind of books (or man) in your Ubrary 

you will find them in the nearest lab dealing with astronomy, rnolecuJ ar 

physics, gas lasers, quantum electronics, chemical analysis etc .... You wiJl 
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first look for emission candidate made of a combination of the atomic elements 

which are introduced in the plasma : reac tants, carrier gas, walls. If your 

spectrometer is sensitive you may have to identify also unexpected impurities. 

III-C - MECHANISM FOR SPONTANEOUS EMISSION 

The following pages will emphasize only the mecanisms of 

interest for low pressure plasma. in high pressure systems excitation and 

emission are often dominated by collisions and reabsorption effects that we 

will not consider here. 

a - Typical orders of magnitude. 

In low pressure plasmas the background neutral density ranges 

f 13 16-3 rom 3 10 to 3 10 cm. The density of charge depends on the 

volumic power dissipated in the system, it can vary from 108 to 

1011 cm -3. Hence the degree of ionization, except for a few extreme 

cases, remains below 10-3. Similarly the degree of dissociation 

(concentration of chemically unstable radicals/concentration of stable 

background molecules) also remains below 10-2• 

In an electric discharge the energy is fed mostly to the free 

electrons. Fast electrons are then dissipating their kinetic energy by 

sustaining the ionization, exciting the background gas to various 

levels, and creating the expected chemical reactivity in the system. 

b - Electron impact excitation 

Except for some continuum emission, all plasma emissions 

originate from excited atoms and molecules decaying down to a lower 

state and emitting a photon. The basic excitation mechanism is the 

impact of a fast electron on a ground state stable species. 

(1) e + Ar -+ e + Ar 
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The cross section for this process is a function of the impact 

energy of the electron. If a is the cross section, f (v) the electron e 
distribution function, the number of excitation events per unit time and unit 

volume is given by: 

(2) dN/dt = [Ar] [eJ < a Ivl >, with 

(3) 

Electron can also excite non stable species. Most of the time 

there will be for a given emission several competing mechanims leading to 

identical emission. For ionized argon emission for example 

(.t.) Ar 2e + 
+~~ 

e + -+ Ar 

( 5) e + Ar 
M .;.- 2e + 

+* Ar , 

(6) Ar+ +-::-
e + -;. e + Ar 

whe~'e ;\.rM is for the metast:ab:"e state of argon. The relative importance of til 

3 channels will depend on the 3 cross sections and the 3 concentrations, LArj. 

[ArMj and [Ar +l Common sense tells that in mild discharges [ArM] and [Ar +J wiL 

remain relatively small and that channel (4) will dominate. For stronger 

plasmas one should look into the problem in details. Hopefully for rare gas, at 

least the cross sections for excitation are known. Unfortunately for most 

reactive plasma, only a very few cross sections are known. 

For molecules, electron impact can lead to simple excitation 

(7) + e 

Above an energy threshold it can result in dissociative photoexcitation 

(8) 
~-

e + N
Z 

+ N + N + e 

(9) 
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It appears that in a molecular plasma a given emission can also 

have many possible origins. We give here the example of silane discharge 

depositing hydrogenated amorphous silicon with the overall reaction 

(10 ) SiH4 ~(Z - X!2)H2 + SiHx (walls). 

The atomic hydrogen Balmer lines are observed in emission, they may originate 

from 

(11 ) * e + SiH
4 
~H + SiH3 + e 

(12) * e + HZ ~ H + H + e 

(13) * e + H ~ H + e 

Depending on which process dominates, Balmer lines will tell 

something about the reactant SiH
4

, the by-product HZ ,or a reactive 

intermediate H • It takes sometime and careful experiments before a given 

channel can be demonstrated to be dominant. In the silane case, channel (11) is 

the most important except for systems at relatively low pumping rate where 

molecular hydrogen accumulates. 

c - Other excitation mechanisms 

There are many excitation mechanisms beside electron impact. 

They tend to remain second order effects in low pressure plasmas but they are 

many exceptions 

- Cascading. A given level can be populated directly by electron impact or 

indirectly by excitation of upper states and subsequent radiative 

cascading down to the level of interest. This effect is in general already 

included in the excitation cross sections in so far as they are measured 

via emission intensities. 
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- Excitation transfer. A long lived excited species (metastable) can 

collide with a second body and transfer its excitation 

(14) * * Ar + Kr .... Ar + Kr 

* * (15) Ar + N
Z 

.... Ar + Nz 

(16) * * Ar + O
2 Ar + 0 + o . 

In general the cross section for such process is large when the transfe 

is "resonant", Le. when energies are rather equal for both excite: 

states. In the same family are reactive excitation transfers where 

chemical reaction takes place along with the transfer. This mechanism 

the most important step in excimer lasers 

(17) * Xe + Cx'Z .,.. CJ(, + Xe Cx, 

Chemiluminescence. In some case the stored energy providing emission 

not initially on an electronic s ta te (metastable) but merely chemical 

energy delivered during an exothermic reaction 

(18 ) * NO + 0 -+ NU
Z 

- Optical pumpine;. An a tom or a molecule can also experience the reverse 

process of emission 

-~~ 

AI' + h'J -+ AI' 

In low pressure pJ asma the probaoili:y for a photon emitted in the plasma 

to be reabsorbed is very low except, possibly, for resonance lines. 

Therefore optical pumping will be a relevant mechanism only when trw 

photons are provided by a tunable laser for an active spectroscopy 

experiment. 
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d - Spontaneous emission and quenching 

Except for metastable states, atoms and molecules after 

excitation will radiatively decay down to lower levels. The probability for one 

particle on state u (upper) to decay toward state R, (lower) is expressed in 

terms of a frequency AuR,' which is inversely proportional to the transition 

oscillator strength and matrix element. If at time t = 0, a number No of 

particles are placed on state u, and if the medium is optically thin (no photon 

reabsorption) and non collisional then the average number of state u will vary 

as 

where the sum is for all states below u. 

Collisions with a background gas may shorten the u state life 

time, via n9n radiative deexcitation or excitation transfer. This effect is 

named quenching and can be described by a frequency proportional to the 

background gas pressure. Quenching becomes in general important for pressure of 

the order of one Torr. 

e - Coronal equilibrium 

In low pressure plasma chemistry, excitation transfer and 

quenching can often be ignored. Emission is then described by the coronal 

equilibrium (from the sun corona) == 

1 The majority of the species are at the ground state. 

2 The only excitation mechanism is electron impact. 

3 The only deexcitation channel is spontaneous emission. 

This model is far to be uni versa} but should be the first try in an attempt to 

model a low pressure plasma. 
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III - D WHAT CAN BE KNOWN FROM EMISSION SPECTROSCOPY? 

a - Qualitative informations. 

If a given impurity is identified in an emission spectrum, this 

represents in itself a valuable information [2] • Turning this into a quantita

tive data can become a challenging problem. However if the impurity is really a 

minori ty component and does not influence any of the plasma parameters, the 

amplitude of the impurity related emission will vary proportionally to the 

impurity concentration if the rest of the plasma conditions are kept constant. 

This will allow, for example, comparaison of process gases of different origin 

b - Silane discharge 

In a low pressure silane DC glow discharge, the only emission 

mechanism was demonstrated to be [ 3J 

(20) 
i.e 

e + SiH4 
-+ SiH + 3H + e, 

(21) 
,'{-

-+ H + SiH
3 + e 

(22) 
~-

..... Si + 2 H2 + e 

(23) 4-
SiH+-l:- + 3H + Ze 

( 24) -+ Si +->~ + 2H Z + 2e 

relative amcli:ude of the 5 channels depends on th~ el~ctron energy 

according to the detailed cross section. Two spectra are shown for two 

different electron energy and it appears clearly in Fig. 1 that Balmer lines 

and Si lines become visible above the SiH band system only for high energy 

electron impact [3] . Here the rela ti ve ampJi tude of the lines will provide 

informations on the electron energy distribution. This is a quite general 
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observation that emission from highly excited species (ion lines) is the 

indication of the presence in the discharge of energetic electrons. 

Figure 1. These two spontaneous emission 

spectra were recorded from the same silane 
I!. 

plasma except for the enrgy of the 

active electrom which here varies from 

68 to 19 eV. The drastic variation of 

the spectrum arises from the fast va-

riations of the dissociative excitation 

cross section with electron energy. 

t
Si 

3800 

SiH 

~~ I. 

4000 4200 4400 'A 

It was demonstrated that HZ emission cannot arise from direct 

electron impact on SiH
4

• Then the detection of HZ triplet band in a silane 

plasma emission spectrum is the signature of a background pressure of hydrogen 

(a by-product of silane decomposition). Then the emission of the Balmer lines 

could arise from reactions 11-12 and possibly 13. A relative concentration for 

HZ and SiH
4 

could be deduced from the spectrum analysis but it relies on 

the knowledge of the excitation cross sections and the electron energy 

distribution. 

c - Actinometry 

We wi.ll give here an example of this popular technique based on 
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coronal equilibrium. The problem was to monitor the atomic fluorine concentra

tion in a CF
4 

based etching system. The technique consists in seeding the 

discharge with a small amount of non perturbing gas such as Argon. One fluorine 

and one Argon atomic lines are carefully selected. The emission intensities 

reF) and r(Ar) are measured. Finally the atomic fluorine concentration is 

assumed to be proportional to 

(25) F '\, [Ar J * I{F)/I( Ar) 

They are several touchy points to be checked before actinometry 

can be trusted. 

1. The emission from F should be dominated by the sole channel 

(26 ) 

excluding compet::ag mechanisms such as 

( 27) e + 

(28) 

* CF -+ F 
4 

2. Argon emission should be dominated by the so] e channel (1) excludin,e; 

excitation transfer or metastable excitation. 

3. The two lines should be selected to origin from levels with very simi] ar 

excitation cross sections. Since, very often, cross sections are unknown 

the selection has to be based on theoretical considerations. 

4. If experiments at different pressures are to be compared, quenching 

should be excluded or assumed to be similar for both levels. 

Despite this rather discouraging list they are several convicing 

examples [ 4, 5) 

chemistry. 

where actinometry was successfully used in plasma 



6.3-13 

d - Line shape 

Measuring the line width and profile of an emission line is, in 

general, beyong reach of a non specialized laboratory. Only very long 

monochromator or Perot-Fabry can acheive a sufficient resolution. In principle, 

in low pressure plasma chemistry, emission line width is dominated by Doppler 

broadening, hence it gives access to the gas kinetic temperature. However if 

the radia ti ve species origin from a molecular di ssocia tion as in (8, 11 , 12, 

27) it will have a large excess kinetic energy related to the molecule 

repulsive electronic state [6 1 

Figure 2. Profile of the atomic hydrogen 

Balmer line HS as measured from Hydrogen, 

Methane, Germane and silane plasmas. A 

narrow Argon line is shown to give the 

resolution. The broadening in this case 

is due to large kinetic energy of the 

excited hydrogen atoms orginating from a 

molecule dissociation. :438nm 

" 

f\ 
I ' 

: 1 
i \ H{3 

!A36.Jnm 

~ or-3eV ' 

~. , 
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Finally, for very strong plasmas ([ e] '" 10
12 

cm-3), the Stark 

broadening may become very effective for some species (atomic hydrogen) and 

allows a measurement of the electron density 

IV - ACTIVE SPECTROSCOPI. 

IV-A WHY ACTIVE SPECTROSCOPY? 

The main limitation of passive spectroscopy is that only excited 

species are observed in emission while the majority of the particles are 

actually on their ground state. The relation between ground state and the 

electronically excited levels is very often quite obscure and finally through 

spontaneous emission spectroscopy very little is known about the major 

constituents of the discharge. Active spectroscopy will use an external source 

which will give access to the ground state level. Then either the absorption of 

the light sCiurce 5 the fluorescence induced by absorption or the Raman 

scattering will provide information on the ground state species. Active 

spectroscopy in general requires equipment by far more expensive than simple 

emission spectroscopy but in many cases the possibilities are worth the 

investment. 

IV-B ABSORPTION SPECTROSCOPY 

A monochromatic source illuminates the plasma. If the source 

wave length corresponds to an allowed transition between the ground state and 

an excited level of a given sDecies part of the light will be absorbed. A 

measurement on the aQsorption " .:..~l ve acc~ss to the species density averaged 

along the optical path. For the external source two techniques are possible 

using either a tunable laser when possible or an auxiliary discharge where the 

same species emit the appropriate resonant line. Three points make absorption 

spectroscopy not as easy or universal as it would seem at first. 
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1. For many species the lowest energy resonant transition is in the far UV. 

Then tunable lasers are not available and the experimental technique 

becomes difficult: special window, evacuated system. 

2. In the quantitative evaluation of the target species density enters the 

transition oscillator strength (not always tabulated) and the exact line 

shape of both the source and the plasma absorption which should be 

measured (difficult) or estimated. 

3. The major drawback is that absorption is not very sensitive. It depends 

on the oscillator strength but detecting a target species at a density 

level of the order of 1012 cm -3 in a ZOcm thick plasma already requires 

quite sensitive techniques. In most low pressure process plasma the ion 

density is in the 109 - 1011 cm -3 and the unstable radical typical 

density is of the same order. 

As a consequence of the three above mentioned points the 

absorption techniques have a very limited field of application in low pressure 

plasma diagnostic. Some spectacular progress were made recently by increasing 

the absorption detection sensitivity, one consists in frequency modulating a 

narrow line tunable laser and detecting the second harmonic by look in 

technique while slowly sweeping accross the absorption line [7] . The second 

uses two non linear cristals for generating side bands of a laser lines and by 

remixing of the bands detects any disymmetry arising from absorption [8] • 

Another consists in introducing the absorbing medium within the cavity of a 

laser [9]. All these techniques are very promising but SOl" far they require 

sophisticated equipment and know how. 

IV-C LASER INDUCED FLUORESCENCE 

The basic scheme of LIF is quite simple. A light beam of the 

appropriate wave length is absorbed by a target species and pumps up a resonant 

transition. Then the excited species will decay via the various possible 

radiative channels. A LIF experiment consists in detecting the fluorescent 

light reSUlting from these deexcitation transitions. Achieving sensitivity will 

require: 
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1. Isolate well the observation lines from any stray light from the laser. 

This implies good optical alignment and use of diaphragms and light 

dumps. If necessera the rejection can be achieved by a monochromator or 

an interference filter. 

2. Discriminate the plasma spontaneous emission from L1F either by choping a 

DC laser and lock in detection or better by using a pulsed laser and 

detecting the temporal decay of fluorescence. A good part of the plasma 

spontaneous emission can also be separated by using a monochromator in 

order to restrict the detection to the sole transitions likely to be 

fluorescent. 

3. If possible increase the laser intensity. however> here exists a limit, 

indeed optical pumping saturates when it becomes compensated by 

stimulated emission induced by the laser pump itself. 

Figure 3. Example of laser induced 

fluorescence on the free radical SiH. 

Spectrum A is the spontaneous emission 

of the excited state of SiH in the 

plasma. The laser is tuned to overlap 

one line. Soec!:rum B is the flLioresc2:1ce 

light emitted during 200ns after the 

laser pulse. B is measured at low pres

sure (0.3 Torr) C shows the collisional 

rotation transfer. 
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In general, LIF can acheive rather outstanding detection level, 

the observation of a single ion in a mUltipole trap was recently acheived; 

practical sensitivity for plasma is in the range 106_109 cm-3. The major 

drawback for LIF is its limitation to species only accessible to tunable laser, 

hence excluding all atoms, ions or radicals having all their resonant lines in 

the far UV. Two other difficulties can alter the sensitivity and the 

feasability of LIF i) collisional quenching becomes important when the 

pressure reaches the Torr range, LIF is then damped due to competing 

collisional mechanisms, ii) for molecules or radicals, the excited electronic 

levels are sometimes unstable due to coupling with repulsive states. in that 

case LIF is damped due to competing dissociative channels. 

When the appropriate laser exists LIF is a very good diagnostic 

tool for detecting reactive species in low pressure plasmas. It is a local 

measurement allowing spacial scanning of a reactor. When using a pulsed laser 

it is also a time resolved measurement allowing the analysis of a post 

discharge [10]. Relative density measurements are fairly easy, turning the data 

into absolute measurements is feasible but generally implies enough work to 

justify a PHD. 

Extending the possibilities of LIF by all sorts of sophisticated 

means is a constant drive for research. Multiphoton optical pumping gives 

£eaccess to far UV resonant transitions, but it requires very powerful pulsed 

laser. This technique allows identification of fairly large molecule which, 

after mul tiphoton photodissociation, can be detected by the fluorescence of 

some of the resulting excited molecular fragments. The target species resonant 

absorption can also be detected by other techniques. In optogal vanic 

spectroscopy a variation of the discharge electric parameter is detected as a 

signature of the transfer of optical pumping energy toward ionisation and 

electron temperature. In photoacoustic spectroscopy the signature is detected 

by a microphone or a probe laser deflection, as a consequence of the energy 

transfer to the gas kinetic temperature. So far, all these advanced techniques 

are mostly contributing to research in gaseous electronics, but it is only in 

specific cases that they can be used in low pressure plasma processing. 
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IV-D RAMAN SPECTROSCOPY 

This technique is restricted to molecules. In this case the 

external source is monochromatic but is not in resonance with an electronic 

transition of the molecule. The interaction of the incident beam with the 

molecule can give in first place the classical Rayleigh scattering where the 

polarisability of the target induces scattering of photons with similar energy 

as the incident beam. Raman scattering is an other possible process where the 

scattered photon energy is modified by plus or minus rovibrational quanta, and 

the scattering center is left with the corresponding modification of its 

rovibrational excitation. The selection rules for Raman scattering are 

different from those for direct radiative coupling of the rovibrations with 

infra-red. The scattered light from a medium appears as a Rayleigh line witb 

red and blue shifted Raman side bands. The red shifted band, the Stokes lines, 

have a much larger intensity than the blue shifted or anti-Stokes lines. The 

major problem with Raman scattering is that the cross section is very smalL 

Due to its sensitivity 1 Raman scatter:'ng is well adapted to liquid, but is rr 
far not sufficient for low pressure plasma diagnostic. 

The sentivity greatly improves with CARS or coherent anti-Stokes 

Raman Spectroscopy. In this technique a tunable laser is added to the main 

laser. The two beams are focussed and overlapped in the plasma. The tunable 

laser is tuned to pump a Stokes line, due to non linearity in the molecule 

polarisabili ty the corresponding anti-Stokes line is coherently pumped. The 

signal amplitude is propori tionnal to the square of the main laser intensity 

and the target density and directly proportional to the tunable laser 

intensity. CARS is capabJe of detecting target density of the order of 1011 cm 

Such a sensi~ivi;::r makes 2ARS or' marginal interest in low pressure plasma 

(considering the equipment involved) but CARS becomes extremely attractive 1n 

plasma chemistry of flammes in the atmospheric range of pressure because; it is 

a local measurement allowing the identification and the mapping of fairly 

complex molecules and their temperature [11]. 
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PLASMA-SAFETY CONSIDERATIONS 

Dr. G. Kenneth Herb is distinguised member of technical staff at AT & T 

Bell Laboratories, Allentown, Penn., USA. His expertise is in VLSI 
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Bell Labs' flrsttransistor, 1947, magnified two times 
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PREDICTION OF CMOS STA TIC (RED) AND 
DYNAMIC (BLUE) RAM DESIGN RULES THROUGH 

THE 1980's (TOBEY, MMT 1985) 
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HIGH DENSITY PROCESS 
WAFER FABRICATION TRENDS 
(NEW FACILITY AT START-UP) 

CHARACTERISTIC 1980 1981 1982 1983 

FEATURE SIZE (LOOSEST·MICRONS) 5.0 4.0 3.5 3.0 

FEATURE SIZE (TIGHTEST·MICRONS) 2.0 2.0 1.5 1.5 

ALIGNMENT (TIGHTEST OVERALL FIT·MICRONS) 1.0 1.0 0.7 0.5 

WAFER SIZE (% 100mm/% 125mm) 99 97 95 90 

1984 

3.0 

1.0 

0.3 

80 
MASKING STEPS (MINIMUM) 5 + 1 5 + 1 6 + 1 6 + 1 6 + 1 

MASKING STEPS (MAXIMUM) 10 + 1 10 + 1 11 + 1 11:+ 1 12 + 1 

DIELECTRIC THICKNESS (MINIMUM·A) 400 400 350 300 200 

JUNCTION DEPTH (MINIMUM·MICRONS) 0.4 0.4 0.3 0.3 0.2 

DEFECTlcm2 (MINIMUM) 3 2 1.5 1.5 1 

DIE SIZE (MAXIMUM·MILS SQUARE) 300 350 400 430 460 

EQUIPMENT USED 

HYi>OTHETICAL HMOS PROCESS Z ~o/ 
(SIMPLIFIED) ~ ~/ ~~ 

~O/~~ v.-.~ 
~ / S ~~-r-:;~~~~~~ 

CJ'<v CJ'<v.v~~'v'~"5;[~(;j~«; <:t~ 
~~..,~~-¥ ,'0 q'i"Ci,,"<'; 
~ ~ ~ 0 /~ %"'\ 

PROCESS STEP ~;;:) ~~~~~~~~~ 
GROW THIN OXIDE X 
DEPOSIT NITRIDE X 
CONDITION NITRIDE X 
MASK #1·DEFINE FIELD X 
PATTERN NITRIDE X 
IMPLANT FIELD·BORON X 
REMOVE RESIST X 
OXIDIZE FIELD X 
REMOVE NITRIDE X 
REMOVE OXIDE X 
MASK #2·DEPLETION DEVICES X 
IMPLANT ARSENIC X 
REMOVE RESIST X 
GROW GATE OXIDE X 
MASK #3-BURIED CONTACTS X 
ETCH OXIDE X 
DEPOSIT POLYSILICON X 
MASK #4·POLY/GATE X 
ETCH POLY X 
ETCH OXIDE X 
OXIDIZE POLY X 
IMPLANT ARSENIC SOURCE/DRAIN X 
DEPOSIT SllOX X 
MASK #S·CONT ACTS X 
ETCH CONTACT HOLES X 

~EFLOW/DIFFUSE peCl. X 
~H TO CLEAR CONTACTS X 
~OS'T ALUMINUM X 

MASK #6·METAl X 
ETCH METAL X 
ANNEAL (H2) X 
DEPOSIT GLASSIVATION X 
MASK H7·PADS X 
ETCH PADS X 

L..-__ =SU::.:.M:.:.:.M=cARY TOTALS 11161413171319111 

1985 

2.5 

0.7 

0.2 

60 

6 + 1 

12 + 1 

150 

0.2 

1 

50G 
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DEVICE NEEDS 

PROCESS 
CHARACTERISTICS 

DRY 
PATTERN 

ISOTROPIC 
HIGHLY SELECTIVE 

ANISOTROPIC 
SOMEWHAT SELECTIVE 

PARAMETER PRESENT FUTURE 

CHANNEL LENGTH (L) 1.5p.m 0.5p.m 

MINIMUM FEATURE SIZE (W) 1.5p.m 0.5p.m 

JUNCTION DEPTH (Xj) 0.5p.m 0.2p.m 

GATE OXIDE THICKNESS (Tox) > 200 A - 100 A 

PROGRESS 

• NEW LITHOGRAPHY • LOWER TEMPERATURE 
- STEP AND REPEAT PROCESSES 

- INORGANIC RESISTS - LPCVD 

- MULTI· LAYER RESIST PROCESSES - PLASMA DEPOSITION 

• NEW PROCESSES FOR • NEW STRUCTURES 
PATTERN TRANFER 

- DRY PLASMA ETCH 
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PATTERN TRANSFER PROCESS 

WET DRY 

• RESIST LIFTING· CAPILARITY YES NO 

• ISOTROPIC ETCH SEVERE MODERATE 
TO NONE 

• OVER·ETCH ALLOWED NO YES 

• SURFACE TENSION· NO ETCH YES NO 

• QUANTITY OF HAZARDOUS MATERIAL LARGE SMALL 
TO NONE 

• AUTOMATED PROCESS ? 

• FEATURE ASPECT RATIO ~5:1 

DRY PA TTERN PROCESSING 

FUNDAMENTALLY FINEST ENGRAVING 
TOOL IMAGINABLE BECAUSE OF 

ATOMIC·SCALE ETCHANT SPECIES 

YES 

<4:1 

PROCESS PARAMETERS SYNERGISTICALLY 
RELATED TO SYSTEM CONTROLS. 

ETCH RATE PRESSURE 
ANISOTROPY 1IE:-~- GAS CHEMISTRY 
SELECTIVITY POWER/BIAS 

POLYMER FLOW 
UNIFORMITY TEMPERATURE 

EMPIRICISM 
ART 

EXPERIENCE 

ETC. ETC. 

THEORY FIRST 
SCIENCE PRINCIPLES 

, 
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PLASMA PROCESS CONTROL 
, 

1. ANISOTROPY· FAITHFUL; PATTERN TRANSFER (A -- 0) 

2. SELECTIVITY· ETCH RATE RATIO BETWEEN FILM OF INTEREST 
AND MASK OR SUBSTRATE (S > 10) 

3. ETCH RATE· HIGH FOR ADEQUATE THROUGHPUT (N > 25) 

4. LOADING EFFECT· ETCH' RATE =: MATER~L AREA :(N, A) 

5. UNIFORMITY ~ SELECTIVITY ~ ANISOTROPY 

6. SAFETY· FIRST CONSIDERATION 
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HOW DOES PLASMA ETCHING TAKE PLACE 

NEUTRAL 

ISOTROPIC 
ETCH 

NEUTRAL JON 

\1 
1. SPUTTERING 

VOLATILE 
PRODUCT 

3. ION· 'ENHANCED, 
ENERGETIC 

VOLATILE 
PRODUCT 

ION VOLATILE 

., '2. CHEMICAL 

"DIRECTIONAL" 
ETCH 

PRODUCT 

INHIBITOR 

4. ION·ENHACED. 
RECOMBINANT 

ANISOTROPIC 
ETCH 
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ETCH PROFILES POSSIBLE 
IN LOW PRESSURE PLASMA ETCH 

ANISOTROPIC ANISOTROPIC TAPER 

, 

COMBINATIONS 

ISOTROPIC 

(!:;J:l~;Jii~~1!IL'-"'; , _:; 

Anisotropic Vertical Anisotropic: Taper Isotropic-Anisotropic 
Taper ! t 
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SUBSTRATE 
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SELECTIVITY REQUIREMENTS 

FILM: MASK > 4:1 

FILM: SUBSTRATE> 20:1 

CC/ 4 PLASMA ETCH 
OPENED ALUMINUM LINE 
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.. , 
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EFFECT OF ANGLE OF INCIDENCE ON (0) SPUTTERING YIELD AND 

(b) ION ETCHING FOR <> t GOLD: 0 t ALUMINUM: AND X. PHOTORESIST 
(AZ 1350) 
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INTEGRATION SCALE 

MOORE'S "LAW" 

• GREATER·DENSITY CIRCUITS 

• LARGER CHIP SIZE 

• LARGER WAFER SIZE 

• MORE LEVELS PER CIRCUIT 

DEFECT DENSITY ~ 

. SIC RATIONALE 

• YIELD I COST 

• RELIABILITY 

• PERFORMANCE 

DEFECT DENSITY 
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CCI 4 PLASMA ETCH 

PLASMA FLAKE 

600 

ETCH DEFECT CAUSED 
BY PLASMA FLAKE 

500 400 300 200 100 60 

1000 1400 1800 2200 2600 
CHIP SIZE (MICRONS) 
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BASIC CHARACTERISTIC 
OF DRY PLASMA PROCESS 

FOR VLSI 

• ANISOTROPY FOR FAITHFUL PATTERN 
REPLICATION 

PLASMA PROCESS MAY DEMAND CONSIDERATION 
OF HAZARDOUS AND I OR TOXIC MATERIAL 

IN ORDER TO PERFORM OUR WORK SAFEL Y; 
WE MUST BE ADEQUA TEL Y INFORMED! 

LIABILITY 

Be Familiar With Legislated Obligations. 

w 
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LL!! 
o~ 
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-0 
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Of-
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Consult Local Safety Representative 
For Guidelines. 

(SAFETY 

RISK . 'J 
~COST 
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CYLINDER GAS CHARACTERISTICS 
THAT IMPACT SAFETY CONSIDERATIONS 

CYLINDER PRESSURE 

SPECIFIC VOLUME 

BOILING I FREEZING POI",TS 

GAS I LIQUID 

CORROSIVENESS I FLAMMABILITY 

TOXICITY 

IMPURITIES 

AMMONIA 

COLORLESS GAS WITH A SHARP PHYSICAL 
IRRITATING ODOR. SOLUBLE IN PROPERTIES 
WATER AND MANY SOLVENTS. 

REGULATOR TYPE 

CYLINDER SIZE 

CYLINDER LOCATION ' 

CYLINDER LOCATION 

GAS CABINET 

SPECIAL HANDLING 

SPECIAL HANDLING 

PHOSGENE 

COLORLESS GAS WHICH 
HYDROLYZES IN WATER TO 
FORM HCI AND C02, SOlUBI 
IN SOME SOLVENTS. 

NONFLAMMABLE ACCORDING TO FLAMMABILITY . NONFLAMMABLE ACCORDINL 
DOT, BUT CAN BURN VIOLENTLY DOT TESTS. BUT IT WILL BU 
UNDER THE RIGHT CONDITIONS. 

25 ppm TlV 0.1 ppm 

500 ppm IDLH 2 ppm 

4837 ppm /1 hr LC50 (rat) 110 ppm/D.5 hr 

20 ppm NOSE IRRITATION 10 ppm 

IMMEDIATE BURNING, EFfECTS DELAYED RESPIRATORY EOH 
RESPIRATORY EDEMA. 

HAZARDOUS GAS MONITORING INSTRUMENTS· 

• SIMPLE AND FAST 

• STABLE 

• SPECIFIC 

• PERIODIC CALIBRATION 

• PROPERLY SITED 

• SENSITIVITY BELOW PEL FOR PERSONNEL, 

AT IDLH FOR EQUIPMENT 

• OBEYED 

• HAZARDOUS MATERIALS WORKSHOP AND EXPOSITION 
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CCI4 RESIDUE ANAL YSIS 

CHAMBER: C2C1SI CCI4, C2C12, C2C14, CCI2F21 C2C12F4, 

C2C1Fs, C2C13F3, CC1F3, C2 C1S, C2 F4, CF4, C02 

POWDER: AICI3, AICI3. 6H20, Si02 

COLD TRAP: C2C1S, CCI4, C12, HCI, CF3, CF4, C2C1FsI CC1F3, 

C2C12, C2CI4 

PUMP EXHAUST: CCI41 CF4 

C2C1S EVOLVED WHEN WIPING REACTOR SURFACES TO 

CLEAN POLYMER 
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CARBON TETRACHLORIDE-CC'4 

COLORLESS, NONFLAMABLE LIQUID WITH A CHARACTERISTIC ODOR. 
OXIDATIVE DECOMPOSrnON BY FLAME CAUSES PHOSGENE AND HCI 

TO FORM. 
, 

CARCINOGEN (POSITIVE·IARC) WITH 

PERCUTANEOUS ABSORPTION 

TLV 5 ppm 

PEL 10 ppm 

IDLH 300 ppm 

EXCESSIVE EXPOSURE RESULTS IN CENTRAL NERVOUS SYSTEM 
DEPRESSION. ACUTE EXPOSURE MAY LEAD TO LIVER AND KIDNEY 

DAMAGE. RESULTS GREATLY INCREASED IF EXPOSED IN CONJUCTION 
WITH INGESTED ALCOHOL. 

HEXACHLOROETHANE-C2 CI6 

COLORLESS SOLID WITH CAMPHORLIKE ODOR. IT 

SUBLIMES AT 189 0 C. 

CARCINOGEN (POSITIVE - NCI) 

TlV 1 ppm (10 mg/m3) 

PEL 1 ppm 

IDLH 300 ppm 

ACTS PRIMARilY AS A CENTRAL NERVOUS SYSTEM 

DEPRESSANT - NARCOSIS IN HIGH CONCENTRATION 
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CONSIDERATIONS FOR PUMPING HAZARDOUS GASES 

1. UNDERSTAND PROCESS CHEMISTRY AND REACTION EFFLUENTS. 

"DO NOT THWART MOTHER NATURE" 

• LARGE BORE/TOLERANCE PUMPS FOR PARTICULATES 

• INERT PUMP OIL FOR CORROSIVE/REACTIVE GASES 

• HIGH TEMPERATURE OPERATION FOR HIGH GAS PURGE 

• NITROGEN BALLAST FOR GAS PURGE 

• FILTRATION FOR PARTICULATE REMOVAL 

• DEMISTER FOR OIL CONSERVATION/FIRE PROTECTION 

• SCRUBBER REACTION BEFORE EXHAUST TO ENVIRONMENT 

• MONITOR OIL/SCRUBBER/EXHAUST QUALITY 

• SPENT FILTERS TREATED AS HAZARDOUS WASTE 

• OVERSIZE PUMP CAPACITY 

• FAILURE ALARMS INTERLOCKED TO SYSTEM 

RECOMMENDATIONS 

1. KNOWLEDGE OF REGULATIONS AND CHEMISTRY. 
SUBSTITUTE RESPECT FOR FEAR. 

COMMUNICATE TO WORKERS TO MINIMIZE PSYCHOSOMATIC 
REACTION. 

2. SELECT SYSTEM MATERIALS ACCORDING TO APPLICATION. 
CYLINDER SIZE IMPORTANT. 

3. SAFETY TRAINING UPDATE. CONTINUOUS WORK AREA·PROCESS 
MONITOR. 

4. PROPER SAFETY EQUIPMENT IN VISIBLE AREA. 

BUDDY SYSTEM WITH SCBA FOR CYLINDER CHANGE. 

S. DESIGN FOR NO·FAIL, HOWEVER, REDUNDANCY FOR EMERGENCY. 
MONITORS ARE VITAL. 

6. CONSULT FOR STATE·OF·ART FOR EQUIPMENT OR PRACTICES. 

SSA. 
CAL·DIR/DOSH REPORT. 
LOCAL SAFETY/HEALTH ORGANIZATION. 

7. GOLDEN OPPORTUNITY TO INFLUENCE LEGISLATION ON 
SEMICONDUCTOR SAFETY AND VENDOR DESIGN. 
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TYPICAL VLSI DRY PATTERN 
PROCESS TECHNOLOGY 

• APPLICATIONS 

• STRUCTURE 

• CHEMISTRY 

• RECIPE 

• PROBLEMS 

• APPLICATIONS· GASAD, SORT, THINOX, FOX, CAPS 

• CF4 -100 Iccm 
CBrFs· 40lccm 
SF. • 20 .ccm 

pressure: 200 mT Diode, plasma 
Power: 800 W 

o 

, 

o 
150-400A 

O2 • 81ccm E.R. (SI3N4) - 700 Almln Selectivity - 8:1 
4Xc < 0.1 micron 

• LOW SELECTIVITY (4·8:1) OVER OXIDE 
lOW UNIFORMITY DEMANDS OVER·ETCH 
PLASMA EXPOSURE TO SILICON .. OSF 
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Si02' POL Y SII Si02 

• APPLICATIONS, CONDUCTOR PATTERN 

• SF,' 50sccm pressure, 200 mT Diode, plasma 
C2CIF&, 50 Iccm Power, 500 W 

• 
E.R. - 2000 A I min Selectivity - 20:1 

4Xc - 0.1 ' 0.3 micron 

• REQUIRES 2·STEP PROCESS (PERHAPS a·STEP) 
POOR UNIFORMITY (> ~ 15%) 

, $'0, 

POLY 81 

Si 

~~TEO$ I~ 

!l [\ 



p.m 

p.m 
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SILICIDE/POL Y Si/Si02 
• APPLICATION: CONDUCTOR PAn-ERN 

• STEP 1 STEP 2 Diode RSE 

CF •• 50seem CCI2F2 • SOseem 
C2F.· 15 seem C2F.· 5 seem 

pressure· 120 mT pressure· 60 mT 
Power· 300 W Power· 100 W 

E.R. (silicide) - 1200 A I min E.R. (poly) - 2000 A I min 
MoSI2 ' poly - 0.6 poly loxide - 20:1 

AXe < 0.1 micron 

• POLY FEATURE UNDERCUT 
POOR OXIDE SELECTIVITY 
2·STEP PROCESS REQUIRED 

20:0 

15:5 

12.5: 7.5 

5:15 

RESIST 

To - SIL ICIOE 

POLY SILICON 

F!=====*-- Si0 2 

-------'- Si - SUBSTRATE 

20:0111. 'I. '/ L 

L 

l 

15: 5 

Beinvogl, Solid Stote TechnoL (1983) 
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Si02 ' CONDUCTOR 

• APPLICATIONS· WINDOWS, VIAS, CAPS 

• C2F 8 • 360 seem 
CHF3 • 240 seem 
pressure· 750 mT 
Power ·1000 W 

E.R. (PSG) - 800 AI min 
E.R. (Poly SI) - 100 AI min 

AXe < 0.1 mleron 
DIODE PLASMA SYSTEM 

• POLYMER FORMATION 
SELECTIVITY VS OVER·ETCH FOR LOW Rc 

5 

x -
w 
~2 
a:: 
::c 
u 
..... 1 w 

-0- Contact pattern 

--6.-- Line pattern 

tp L : Planorization layer 
.. thickness 

2 :3 4 5 6 
MASK DIMENSION (jLm) 

7 

Solo, Jop. J. Appl. PlJys. (J983) 
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ALUMINUM I POL Y $; 1$;02 

• APPLICATION· CONDUCTOR PATTERN 

• CCI4• SiCI4• CI2 + BCI3• CCI4 + CI2 

• BCI3 • 70 seem E.R. (AI) - 750 A' m 
Clz ·10 Icem E.R. (poly) - 225 A '.m 
pressure· 30 mT E.R. (PSG) - SO·60 A I m 
Power· 600 W (-200 Vdc) ~c < 0.1 micron 

RSE HEX system 

• AI20 3 PASSIVATION 
RESIST DEGRADATION 
ALUMINUM ALLOYS (Si. Cu) 
SAFETY 
POST·ETCH CORROSION 

~.t . .... Ior, • ...-. _._ 

- ,~ \ 

, 



"D~:~=~~" . 
, " ti I , 

\: .. ~ .. ~",,;~:t ... ~~:;. 

---------, 
. RESIST MASK "-

\ 
\ 

_ TiW-~'======::::J~.....I 

AI ALLOY 

TiW - .. -----------4 
NITR'DE~ 

SisuaSTRATE 
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PROFILE CONTROL FOR STEP COVERAGE 
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TRI·LEVEL RESIST 
• APPLICATION· RESIST LITHOGRAPHY 

o 
OXIDE .z::---~~~4------F~~~t::=::::3lt-1.2kA 

• STEP 1 (OXIDE) STEP 2 (RESIST) Diode RSE 

CHF3 ·60 seem O2 .60 seem 
pressure· 15 mT pressure· 4 mT 

Power· 450 W Power· 500 W 

E.R. (oxide) - 300 A I min E.R. (resisl) - 1250.A I min 
E.R. (resisl) - 20 A I min E.R. (oxide) - 20 A I min 

.1Xc < 0.1 micron 

• DESCUM PRE:'STEP MAY BE NECESSARY 
SLOW THROUGHPUT PROCESS 
CLEANLINESS EXTREMELY IMPORTANT 

BENEFITS OF PLANARIZATION 

• IMPROVED LlNEWIDTH CONTROL 

• THICK ORGANIC IS MORE EFFECTIVE ETCHING MASK 

• ALLOWS REDUCED MINIMUM FEATURE SIZE 

• REDUCED INTERFERENCE EFFECTS IN RESIST 

• THINNER RESISTS PERMIT HIGHER ALIGNER THROUGHPUT 

, 
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SILICON TRENCH 

• APPLICATION· DIELECTRIC ISOLATION, BURIED CAPACITOR 

• CBrF3· 25 leem 
SFa· 25 leem 
pressure ·150 mT 
Power ·150 W 

E. R. (silicon) - 3000 A I min 
Selectivity· SI : oxide := 20:1 
.1Xc < 0.1 micron 
SWE. plasma mode 

• ASPECT RATIO DEPENDS ON SILICON I MASK SELECTIVITY 
CAPACITOR DEMANDS TIGHT CONTROL ON TRENCH PROFILE 
FILLING OF TRENCH 
PLANARIZATION 

~~~~1~~-------------------

, , 
~ .. 

i.: 
~"'t 

.. 

; ,~. 

r .. 

.; 
~ .. 

. ' ,.. ... ;;. "~~ .. : 
~!:..'~~.:. 



7-33 



7-34 

PLANARIZATION 

• APPLICATION· REDUCTION OF TOPOGRAPHY 

• CF4 , 92 seem pressure· 400 mT 
O2 • 8 seem Power· 500 W 

• E.R. (rellst) - 300 A I min 
• E.R. (oxld.) - 275 A I min 

DIODE PLASMA SYSTEM 

- • LOW THROUGHPUT PROCESS 
ETCHED OXIDE SURFACE MUST BE SMOOTH 

AN 0 FREE FROM BLEMISH 

PLANARIZATION OF SURFACE 

BEFORE 
ETCH 

AFTER 
ETCH 

VIA 
PATTERNING 

r " , r 
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r-------=p~L~A~N~A~R~IZ~A~T~I~O~N~O~F-------' 

DEEP TRENCH CAPACITORS 

.....,- --- ~." , 
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VIA TAPERING 

ELIMINATES RE·FLOW PROBLEMS 

DEMANDS RESIST PULL·BACK TO EXPOSE OXIDE. 
DEPENDS ON RESIST PROFILE. 

EXAMPLE PROCESS 

1. WET FOR HALF FILM THICKNESS 
2. DRY USING RESIST MASK TO PRESERVE Xc 
3. WET FOR CLEAN·UP AND LOW Rc 

; 
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PLASMA DEPOSITION 

PLASMA PROVIDES REACTION ENERGY SO 
THAT PROCESS CAN BE AT LOW TEMPERATURE 

SILICON DIOXIDE 

INTER-LEVEL DIELECTRIC 

LOWER HYDROGEN INCORPORATION: 2·9 AT % 

TYPICAL PROPERTIES OF SILICON DIOXIDE FILM 

PLASMA SIH4 + O2 TEOS SICI; 

TEMP(,O) 200 450 700 
COMPOSITION SIOu(H) SIO:(H) SIO: < 

w 

STEP COVERAGE NONCONFORMAL NONCONFORMAL CONFORMA~ COt, 
THERMAL STABILITY LOSES H DENSIFIES ST4a~~ L~ 

DENSITY (gmlcm3) 2.3 2.1 i·~ 
REFRACTIVE INDEX 1.47 1.44 U~ 

STRESS (10. OYNESlcm2) 3(cr3(t) 3(1) 1(e) 

DIELECTRIC STRENGTH (1Q6 Vlcm) 3·6 8 10 
ETCH RATE (Almln) 400 60 30 

(100:1=H2O:HFI 

SILICON NITRIDE 

ENCAPSULATION I INTER·LEVEL INSULATOR 

SiH4 + NHa - SiNH + 3H2 

2SiH4 + N2 - 2SiNH + 3H2 

TYPICAL PROPERTIES OF SILICON NITRIDE FILM 
LPCVD PLAsr 

TEMP (GC) 700·800 250·3 
COMPOSITION Si3N4 (H) SiNx' 
Si/N 0.75 0.8·1. 
AT%H 4·8 10·4( 
REFRACTIVE INDEX 2.01 1.8·2. 
DENSITY (gm/em3) 2.9·3.1 2.4·2. 
IJIELECTRIC CONSTANT 6·7 6-9 
RESISTIVITY (a·em) 1016 106.10 
DIELECTRIC STRENGTH (106 V/em) 10 5 
ENERGY GAP (eV) 5 4·5 
STRESS (109 dyne/em2) 10(t) 2(c)·5{ 
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PARTICLE BOMBARDMENT 
DURING ION AND PLASMA ETCHING 

TYPE OF 
PARTICLE 

ELECTRONS 

POSITIVE IONS 

PHOTONS 

RF SPUTTER I ION BEAM 
ETCHING . MILLING TRIODE 

UP TO PEAK· :::;25 eV (FROM INSIGNIFICANT 
TO·PEAK RF NEUTRALIZER) 

VOLTAGE 

UP TO PEAK· FEW eV LESS THAN INSIGNIFICANT 
TO·PEAK RF ION ACCELERATING 

VOLTAGE POTENTIAL 

UP TO PEAK· "'" TENS OF eV FROM UP TO PEAK· 
TO·PEAK RF PLASMA DISCHARGE TO·PEAK RF 

VOLTAGE . AND NEUTRALIZER VOLTAGE 
ELECTRONS STRIKING 

CHAMBER WALLS 

DAMAGE EFFECTS ON 
MOS PERFORMANCE 

C-V CHARACTERISTICS CHANGE 
.6 Vi, d VFS, ass, etc. 

FORM OF DAMAGE 
• ATOMIC DISPLACEMENT «150A) 

DIODE 

UP TO PEAK· 
TO·PEAK RF 

VOLTAGE 
",,100 V 

A FEW eV 

UP TO PEAK· 
TO·PEAK RF 

VOLTAGE 

• PRIMARY IONIZATION (ELECTRON·HOLE PAIRS) 
• SECONDARY IONIZATION (ELECTRON-DEFECTS) 

DAMAGE IS REVERSIBLE BY ANNEAL 

• PHOTONS 
• IONS 
• X·RAYS 

250.400 °C 
500.750 °C . 
800.1100 °C 
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IRREVERSIBLE EFFECTS 

A.ESD 

SI02VSD -12·15MV/cm 
lor d - 100 A, VSO - 12·15 V 

PLASMA 

+ + + + + + + + + + 
POL Y- Si 

BLOCKING 
+ +1+ + CAPACITANCE + +1+ + 

RF RF 

(0 ) (b) (c) 

Walanobe, €If/elro CI>em Soc (1983) 

ESD - RESIST STRIPPING 

.. ··SUBSTRATE 
. .-:': .' ,', . ~ . . - . 

Si02 Veo - 12·15 V 

ss 1 
VI - 2e k Te In [m/2MJ - 5V (OXYGEN) 

BUT: V,t > 25 V ! 

SOLUTION: eN = 0 
IMMERSE WAFER IN PLASMA 
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TECHNIQUES TO REDUCE REACTION ENERGY 

• PHOTON· ASSISTED PLASMA CHEMISTRY 

• MAGNETRON SYSTEM 

PHOTON· ASSISTED CHEMISTRY 

LASER ENERGY FOCUSED ONTO SUBSTRATE 
CAUSING LOCALIZED DEPOSITION, ETCHING, 
OR DOPING BY THERMALLY OR PHOTOCHEMICALLY 
DRIVEN REACTIONS. 

DIRECT· WRITE PROCESS 

EFFECT OF INCREASE OF UV INTENSITY 
ON THE DEPOSITION RATE 

- 6 w 
-' <r: 
(.) 
CJ) 

UJ 
> 
t- 4 <r: 
-' 
UJ 
a: -UJ 
t-
<r: 
a: 
Z 2 
0 
E 
CJ) 

0 
0.. 
UJ 
C 

0 10 20 

UV INTENSITY (mW/cm2) 
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PHOTON·ASSISTED PLASMA CHEMISTRY 

LASER FLUENCE (J/cm2) LASER FLUENCE (J/cm2) 
01 02 03 04 05 06 07 

w 
0 0.1 02 I-

< 
03 04 05 OG 07 

= 
::I: 100 • 
(.,) 80 • ..... 
w 

2,.." eVD OXIDE .... _ 60 

:z .!: 
o e 40 1 p.m A I SUBSTRATE 

;:: ..... 20 

o 1 ___ .... 1._ ---~---------------- ~.~ 0'-------------------------
w 

·20 C .2,0 

.40 .40 . . • • • 
o ~ 10 15 20 25 30 35 40 o 5 10 15 20 25 30 35 40 

LASER ENERGY (mJ) 

100 

80 

60 

40 

20 

0 

·20 

.40 

LASER ENERGY (mJ) 

LASER. FLUENCE (J/cm2) 
o 0.1 0.2 0,3 0,4 0,5 0.6 0.7 

• cl00'.,N·TYPE SI SUBST RATE 

o 5 10 15 20 25 30 35 40 

LASER ENERGY (mJ) 

PROFILE OF A CVD OXIDE SUBSTRATE 
ETCHED AT 0.25 J/cm2 FOR 17 MINUTES. 

% 20000 
(.,) I- _ 

15000 w.o< 
2 

..... - 10000 
ZW 
0-' 5000 ;::ti: 
-0 0 "'= fa.. 

-5000 w 
0 

-10000 
a 2 3 4 5 

SCAN DISTANCE (mm) 

GEE & HARGIS. SPIE(1984J 

MAGNETRON ENHANCED ETCHING 

INCREASED PLASMA REACTION 
RADICAL FORMATION FOR ETCHING OR PASSIVATION 

LOW ION BOMBARDMENT ENERGY 

MAGNETIC FIELD CONFINES PLASMA (ELECTRONS) 
LOWERS SUSTAINING VOLTAGE 
INCREASES ELECTRON DENSITY 

MAGNETRON 

SIDE VIEW 

LIN, ELECTRO CHEal. SOC. (lN3, 
HORIIKE, ELECTRO CHEal. SOC. (1"1) 
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PLASMA EQUIPMENT. 

BATCH VS. SWE 

1. ANISOTROPY 
BATCH: DIRECT IONS 
SWE : RECOMBINANT CHEMISTRY 

2. UNIFORMITY 
BATCH: DIFFICULT WITHIN WAFER 
SWE : GAS FLOW, ELECTRODE SHAPE 

3. SELECTIVITY 
- BATCH: PHYSICAL SPUTTERING 

SWE : ETCH RATE DOMINATES 

4. THROUGHPUT (MMT JAN. 85, 125mm WAFERS) 
BATCH: 30·80 
SWE : 25·60 

5. SCALE·UP FOR LARGER WAFERS 
BATCH: DIFFICULT 
SWE : EASY 

6. MULTIPLE FILMS 
BATCH: REDUCED EHO 
SWE : ADDITIONAL MODULES 

- 7. COST 
BATCH: MED·HIGH 
SWE : LOW·MEDIUM 

8. FOOTPRINT 
BATCH: MED·LARGE 
SWE : LOW·MEDIUM 

9. END·POINT AUTOMATION 
. BATCH: DEPENDS ON W·W UNIFORMITY 

SWE : DEPENDS ON WITHIN·W UNIFORMITY 

10. CASSETTE·CASSETTE HANDLING 
BATCH: SOME 
SWE : ALL 
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Q 
U 
A 

(!\ 
YIELD + THROUGHPUT 

~J~ 
T 
Y 

BATCH 

THROUGHPUT < > '-'025 WPH 

SWE 

"SLOWER IS BETTER" 

1.6 

, 

BCI;, : 30sccm 
CI2 :50sccm 1.4 

4 

1.2 

1.0 

rf Power: O.S4Wfcm2 

Totol Pressure: 16 Po 
0.8 rf Power: 0.64W/cm2 

Totol Pressure: 18 Po 

2 02442 0 
DISTANCE FROM WAFER CENTER (em) 

2 

Hor/"'II, ro lie pulills fI"d 

PLASMA EQUIPMENT 
FUTURE 

BATCH 

SMALLER BATCH SIZE 

SWE 

MULTIPLE CHAMBERS 

HYBRID 
SYSTEM 
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FUTURE VLSI 

ISSUES REOUIREMENTS 

FINER LINE • "W < PATTERN WIDTH X li10 
DELINEATION • NO "STRINGERS" 

• SELECTIVITY > 30:1 

GATE OXIDE -100 A • UNIFORMITY < ± 5% 

• NO OXIDE DAMAGE 

PHOTO· LITHOGRAPHY 
• t:,.W < PATTERN WIDTH X 1110 

• PLANAR1ZATlON 

LARGE WAFER SIZE • UNIFORMITY < ± 5% 

- SINCH • THROUGHPUT" 25 WAFERS/H 

SUPER CLEAN ROOM 
• DECREASE IN OCCUPIED AREA 

- CLASS 10 
• LOW PARTICULATES 

• AUTOMATION 

• NO INSULATOR INSTABILITY 

MULTILEVEL METALLIZATION • PLANARIZATION 

- 3·4 LAYERS • SELECTIVITY:;.. 20:1 

• LPCVO METAL 

THE VLSI TRIANGLE 

TEMPERATURE STABiliTY 
ETCH RATE 

CAVEATAE DE PLASMUS 

1. SAFETY FIRST! • NOT REGRETS LAST. 

2. SLOWER IS BETTER! 

3. F= ISOTROPY; CI= SPECIFICITY. 

4. SWE= UNIFORMITY. 

5. AVOID POLYMER AT ALL COSTS. 

B. SIMPLE CHEMISTRIES ARE SOMEWHAT MORE TRACTABLE. 

1. NO AMOUNT OF CLEVER PLASMATEERING CAN MAKE A 
POORLY CONCEIVED DESIGN MANAGEABLE. 

8. A DEEP ABIDING FAITH IS NECESSARY TO CONNECT 
PLASMA PARAMETERS WITH MACHINE CONTROL KNOBS. 

9. IF IT WERE EASY AND UNDERSTOOD. WE'D DO IT 
EVERY TIME. 

10. PLASMA IS THE FINEST ENGRAVING TOOL IMAGINABLE. 

11. PLASMA PATTERNING IS ONLY AS GOOD AS THE STENCIL 
AND MATERIAL QUALITIES OF THE MASK AND FILMS 
INVOLVED IN THE eTCH PROCESS. 

, 
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