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Abstract: Application of novel materials, higher standards and demands for environment protection have lead to introduction of novel advanced methods
for materials processing. Most of them are dry and run under heavily non-equilibrium conditions. A mixture of gas is transformed into the state of plasma.
Molecules are excited, dissociated and ionized and the resultant radicals are used to treat electronic components. Examples of technologies include
chemical plasma cleaning, plasma activation, selective plasma etching and plasma ashing. Chemical plasma cleaning has been introduced in microelec-
tronics as an alternative to physical plasma cleaning, whose drawback is a re-deposition of sputtered material. In classical electronic industry, the chem-
ical plasma cleaning has been introduced as an environmentally benign alternative to wet chemical cleaning. Plasma activation has become the most
efficient method for a dramatic increase of the polymers wettability and thus affinity to metallization. Selective plasma etching is an excellent method for
treatment of polymer-matrix composites prior to metallization, while plasma ashing is a simple and reliable method for organic dust removal.

Some examples of industrial application of above technologies will be presented. Advantages as well as drawbacks and limitations of the technologies will
be discussed.

Reaktivhe plazemske tehnologije v elektronski industriji

lzvle€ek: Uporaba novih materialov, visjih standardov in zahtev po zasciti okolja so vodili k vpeljavi naprednih postopkov obdelave materialov. Vedina
sodobnih postopkov je suhih in potekajo pri termodinamsko mo&no neravnovesnih razmerah. Mesanico plinov pretvorimo v stanje plazme. Plinske mole-
Kule se v plazmi vzbudijo, disociirajo in ionizirajo, tako nastale radikale pa uporabimo za obdelavo elektronskih komponent. Primeri tehnologkih postopkov,
ki temeljijo na uporabi reaktivne plazme, so kemijsko plazemsko ¢is¢enje, plazemska aktivacija, selektivno plazemsko jedkanje in plazemsko upepeljevan-
je. Kemijsko plazemsko &is¢enje so najprej uporabili v mikroelektroniki kot alternativo fizikalnemu plazemskemu cigéenju, katerega pomanjkljivost je
nalaganje razpréenega materiala na povrsine. V klasi¢ni elektronski industriji se kemijsko plazemsko &idcenje pocasi uveljavlja kot okolju prijazen na-
domestek mokrega kemijskega ¢iscenja. Plazemska aktivacija je postala najuspesnejda metoda za povedanje omodijvosti polimerov, ki je potrebna za
ucinkovito metalizacijo plasti¢nih komponent. Selektivno plazemsko jedkanje je odliéna metoda za obdelavo kompozitnih materialov s polimerno matriko,
medtem ko je plazemsko upepeljevanje preprosta in zanesljiva metoda za odstranjevanje organskih prasnih delcev z razliénih povrsin. V prispevku je
opisana uporaba nekaterih plazemskih postopkov za industrijsko uporabo in prednosti, pomanjkljivosti in omejitve navedenin tehnologij.

materials. Currently, the classical materials such as met-
als, polymers and ceramics are being gradually replaced

1. Introduction

The very traditional trend in electronic industry is miniatur-
ization. Since the beginning of a massive production of
microelectronic devices the miniaturization demands re-
quired application of novel, by that times unknown tech-
nologies. Wet chemical etching has been replaced with
advanced dry etching processes such as ion beam etch-
ing, reactive ion etching and plasma stripping. Wet chem-
ical deposition methods as well as thermal evaporation have
been replaced by a variety of plasma- or ion beam- assist-
ed deposition methods currently often referred as physi-
cal (PVD) or chemical (CVD) vapor deposition techniques.
Traditional cleaning methods have been replaced with novel
plasma based cleaning techniques. More recently, further
miniaturization is expected in three-dimensional devices
based on novel nano-scale materials.

Classical electronic industry is also undergoing miniatuar-
ization trends. Unlike microelectronic industry where the
materials expenses plays a minor role, a driving force of
miniaturization of classical electronic devices is the cost of
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with composites. Promising substitutes for metals are
graphite-polymer composites and glassy carbon, while
ceramics are replaced with ceramic composites. A major
advantage of a carbon-based composite over a metal is a
low weight, good mechanical properties and excellent
chemical resistance.

A major consideration in both classical electronics and
microelectronics is environment. The environment protec-
tion laws became severe and the general expectation is
even tightening the restrictions. Nowadays any technolog-
ical effort takes into account the ecological suitability of
the materials processing.

2. Reactive plasma
The problems of miniaturization, application of novel mate-

rials and environment protection have been solved with
application of technologies that are based on application
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of low-pressure plasmas. Namely, traditional methods were
found inadequate to solve novel demands. Traditional meth-
ods are based on thermodynamically equilibrium process-
ing techniques. Wet chemical treatments as well as ther-
mal deposition techniques are good examples. The driv-
ing force in all these techniques is temperature. The reac-
tivity of particles involved in these techniques depends on
temperature. Since many advanced materials do not stand
high temperature processing the application of traditional
techniques is obviously limited. The only solution to cur-
rent demands is therefore application of a heavily non-equi-
librium media for materials processing.

One of the best examples of non-equitibrium medium is
low-pressure plasma. Plasma is sometimes referred as the
fourth state of the matter - solid, liquid and gaseous being
the first three. It is created in a gas under low pressure
when electric current is allowed to pass through. This can
be achieved in a variety of gaseous discharges including
the DC, RF and MW discharge. In any case, the free elec-
trons are accelerated in an electric field. When they gain
enough energy (above the ionization threshold) the elec-
trons can ionize neutral molecules. As more electrons are
generated at ionization collisions the number of electrons
in the gas increases and finally reach such a large value
that the gas becomes conductive and the discharge self-
sustained. A simultaneous effect of electron multiplication
is a formation of positive ions. The density of positive ions
in plasma is often equal to the electron density.

Energetic electrons in plasma are not only capable of ion-
izing molecules, but they can also suffer other types of
inelastic collisions with neutral molecules. The diatomic
gaseous molecules can be dissociated, excited in a varie-
ty of states including rotational, vibrational and electronic
states, and the atoms can be excited in electronic states
as well. Plasma therefore consist a variety of particles that
are present in a normal gas only in low quantities, such as
neutral atoms and highly excited molecules. Since the ra-
diative life time of many states in long (some states are
metastable) the particles may be found in extremely high
states - in nitrogen plasma, for instance, the average vi-
brational state is easily about 20 corresponding to the in-
ternal vibrational temperature well over 10.000°C. Similar-
ly, the neutral atom density may be also high and the dis-
sociation degree may approach unity, otherwise typical for
temperature of 50.000°C.

On the other hand, the kinetic temperature (i.e. average
kinetic energy) of gaseous particles often remains close
to room temperature. The discrepancy between the inter-
nal and the kinetic gas temperature is due to a poor kinetic
interaction of energetic electrons with heavy particles (mol-
ecules and atoms). At an elastic collision only a fraction
(often less than 0.001) of an electron kinetic energy can
be transferred to a heavy particle. The kinetic temperature
of heavy particles is therefore not much influenced by the
electron energy. As long as one can avoid direct heating
of heavy particles in electric field and some other effects
including superelastic collisions between vibrationally ex-
cited molecules and atoms, the kinetic temperature of

heavy particles remain low. These conditions, i.e. a high
concentration of excited particles at low kinetic tempera-
ture, are ideal for advanced treatments of materials in elec-
tronic industry. Several technologies based on application
of such plasmas have been developed and some are de-
scribed below.

3. Discharge cleaning

Discharge cleaning (often called plasma cleaning) has been
first introduced in microelectronics where the demands of
materials cleanliness were the highest. Later, it has been
introduced to other industrial branches, and the main rea-
son was a requirement of ecological friendly processing.
Discharge cleaning is an ecological benign substitute of
wet chemical cleaning. The wet chemical cleaning produc-
es large quantities of used chemicals that pollute environ-
ment. Plasma cleaning, on the other hand, produces little,
if any, pollutants. Organic impurities are often removed with
oxygen plasma, while oxidizing impurities (O, Cl, S) are
effectively removed with hydrogen plasma.

Hydrogen plasma has been successfully applied for clean-
ing silver contacts in switching devices. The major reason
for introducing plasma cleaning was ecological - contacts
were previously cleaned with freon that has been forbid-
den due to harmful effects to ozone layer in the upper at-
mosphere. Figure 1(a) is a typical AES depth profile of a
contact as received from a production line. There are sev-
eral impurities on the surface including organic impurities
as well as oxygen, sulfur, chlorine and potassium. The con-
taminants are effectively removed by hydrogen plasma treat-
ment. A typical treatment time is 1 minute thus suitable for
massive industrial production. The AES depth profile after
plasma treatment is shown in Figure 1(b). There are hardly
any impurities on the surface except of traces of O and S
probably due to secondary pollution since samples were
exposed to air prior to AES analyses. The effect of perfect
surface cleantiness is demonstrated in Figure 1(c) thatis a
plot of contact resistance of the switching device after plas-
ma cleaning. The contact resistance remains extremely low
even at poor contact force.

Copper components heavily contaminated with organic
impurities are best cleaned with oxygen plasma followed
by a hydrogen plasma treatment. Namely, hydrogen plas-
ma is not most efficient in removing organic compounds.
Oxygen plasma treatment is more efficient, but a draw-
back of oxygen plasma treatment is often a formation of a
thin oxide film on the material surface. This oxide film is
effectively reduced with hydrogen plasma. Figure 2 dem-
onstrates the efficiency of combined oxygen/hydrogen
plasma cleaning. The sample as received from a produc-
tion line is covered with a variety of impurities, organic com-
pounds being predominated. Chemical treatment reduc-
es amount of impurities substantially but not all. Oxygen
plasma treatment effectively removes organic compounds
but oxidizes the material. Finally, hydrogen plasma treat-
ment reduces the oxide film leaving the surface virtually
atomically clean.
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low-pressure oxygen plasma oxidation. By plasma treat-
ment the surface become rich with polar groups enhanc-
ing the surface wettability dramatically. Figure 3 represents
a water drop on a housing of a capacitor prior and after
plasma activation. The difference in surface wettability is
clear. Even more important is the fact that optimal surface
wettability is obtained after less that 0.1 s of plasma treat-
ment - a fact that makes plasma activation extremely suit-
able for a massive industrial production. Figure 4 presents
a contact angle of a water drop on a polymer foil. As ex-
pected the contact angle decreases dramatically in first
few seconds of plasma treatment, but tends to increase
slowly with further plasma action indicating the overesti-
mation of plasma treatment should be avoided.

A water drop on a capacitor housing before
(left) and after (right) plasma treatment

Figure 3.

5. Selective plasma etching

Metals are being gradually replaced with polymer matrix
composites. The major advantage of a graphite-polymer
composite over a metal is a low weight, good mechanical
properties and excellent chemical resistance. A major
drawback, on the other side, is a poor affinity to metalliza-
tion. A traditional method of polymer-matrix composite
metallization is surface activation with palladium followed
with a chemical metallization. An excellent substitute for
those ecological unsuitable technologies is plasma treat-
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Figure 4. A contact angle of a water drop on a

polymer foil

ment. Unlike the upper methods that produce environmen-
tally harmful residues, plasma treatment is an ecologically
benign technology. The plasma treatment effects are three-
fold: first, increases the surface wettability (Figure 5), sec-
ond, it reducer the concentration of polymer on the sur-
face (Figure 6), and third, it makes the surface rough
enough to assure good adhesion between the substrate
and the metallization (Figure 7,8).
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The selective plasma etching technology is also an excel-
lent method for treatment of a variety of polymer matrix
composites toreveal the distribution and orientation of dif-
ferent particles in the matrix. It is the unigue method to
determine the composition of different films and paints.
Figure 9(a,b,c) represent scanning electron images of a
photographic film during plasma etching. Untreated sam-
ples reveal no significant structure. A 30s plasma treat-
ment reveals spherical holes indicating the presence of
gaseous bubbles in the uppermost layer of a photographic
film. The grains of silver halide are observed only after pro-
longed plasma treatment.

Figure 9. SEM images of a photographic film before
plasma treatment (upper), after a short
plasma treatment (middie) and prolonged

(lower) treatment
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Another example of application of the selective plasma tech-
nology is an advanced paint for automotive industry. Fig-
ure 10 represents a SEM image of the paint before and
after plasma treatment. It is clear that plasma treatment
clearly reveals the original distribution of mica flakes in the
coating.

A SEM image of a mica paint before and
after oxygen plasma treatment

Figure 10.

6. Conclusions

In the past few years the reactive plasma technologies have
been successfully applied to modern electronic industry.
Apart from the technical advantages, the major reason for
introduction plasma based technology is environment pro-
tection. The reactive plasma technologies are usually eco-
logical benign alternatives to wet chemical treatments. The
maintenance as well as consumables costs are often much
lower than corresponding costs of traditional techniques.
The major drawback of novel technologies, however, is a
high cost of plasma reactors. It is expected that these ex-
penses will decrease in the next future, as more users of
reactors will appear in the market.
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