1. Introduction

Plasmas and their products are ever present in rmdife. Over one billion fluorescent
lamps are fabricated each year. World-wide ansalgs of semiconductor devices total
over $12 billion. Metallic components are hardemeglasmas in over 1000 industrial
sites to improve their wear and corrosion resisgasw providing more reliable parts for
all types of machinery, including cars and aircrafiese processes and products are all
reliant on the use of plasmas. They represent surtiee relatively mature applications
of plasma-based processing but there are now mathgr oapplications under
development. Some, already into the produgtbase are the extension of micron-
scale engineering to information storage, dispé&ohmhology, micro machine fabrication.
Still developing is the use of plasmas to modifg Burfaces of soft materials such as
polymers, textiles, and even biological materialad so change their functionality.
Improving existing processes and products and dpuey and implementing new
applications requires a basic understanding optasma environment and its interaction
with surfaces.

This first part of this article will be a general omgew of plasma applications. Many of
the applications will be listed, with a few desedbbriefly. In following weeks common
themes will be developed.This cource dealt withnomenain plasmas produced in atomic
gases such argon. It will emerge here that in rapptications the plasmas are created in
molecular gases and, more often than not, gas mt$o we will extend the discussion
of plasmas to these more technologically relevgstesns i.e. those created in molecular
gases.

It will also emerge that many processes involve ititeraction of the plasma with
material with which it is in contact. So an accouwdtplasma surface interactions,
including the basic concepts of surface physicsedgiired to understand what happens
when ions, electrons, photons and chemically aatidicals are incident on a surface
immersed in a plasma. This background knowledgé ewiible you to understand in
detail a treatment of surface processing applinatie.g. surface activation, sputtering,
etching, deposition and implantation and specibiglizations.

1.1 Plasma applications.

Plasmas are produced by coupling energy into ariabtehich can be initially in a solid,

liquid or gaseous form. In application this is gally through injecting electric power
or laser power. The former being by far the moshiemn and is the method exclusively
discussed here. It is convenient when discussie@pplications of electrically-produced
plasmas to divide them up into three broad categoiY¥ou will see the word generally



appearing frequently in this section. This categaifon is a generalisation and many
processes work at the interface or beyond thessititations.

1.1.1 Low pressure, high temperature plasmas.

Although this is outside the remit of this coursésiworth noting that one of the most
potentially significant contributions that plasmasay make to human-kind is in

controlled nuclear fusion. This represents theepidl to produce energy for many
millennia by creating the conditions under whicghti nuclei, such as the deuterium
isotopes of hydrogen, fuse together to form heawiarlei with an associated release of
energy.

This requires the heating of deuterium plasma wittensity of 2-3 x 1 particles n?

to temperatures in excess of 100-200 million Kdgperiod of one or two seconds. The
containment exploits the fact that at these tentpeza the gas will be in the plasma state
and the charge particles will therefore responahagnetic fields. Careful design, such as
that of the Tokomak, holds the promise that thifadilt task can be achieved. These are
very expensive devices and an $9,000 M dollar s&p towards a power generating
nuclear fusion device has been designed and wiinsbe constructed, once the
politicians can decide between France and Japatsfiinal location.

The scientific issues are somewhat different froosé that are the focus of this course.
However at the edge of these devices there exigditons, such as a cooler plasma in
contact with surfaces, that are not dissimilarhiiose encountered in many commercial
plasma systems.

For more information see www.jet.efda.org/pagessiudasics.html and www.iter.org

1.1.2 Thermal plasmas

Thermal plasmas are normally created at closenmstheric pressure. The high power
input required to sustain the discharge and shn# between collisions mean that all the
components of the plasma (i.e. electrons, ionsreudral atoms/molecules) have similar
temperatures generally in the region of 1,000 t®Q® K. A significant fraction of the
gas is ionised.

They have been used mainly, but not exclusivelielover heat to a surface to

* increase surface reactions
* produce melting
* sintering
e evaporation
and find applications in

* welding
* metal recovery



* waste treatment

* plasma spraying

» arc lighting

» plasma scalphels

e 0zone production

» electrical switches

1.1.3 Non-thermal plasmas

Non-thermal plasmas generally operate at low ga&sspires i.e. markedly less than
atmospheric. The lower collisionality and poweruhmeans that the plasma components
have widely differing temperatures with electromperatures ranging from 10,000 to
50,000 K while the ions, neutral constituents drabmut a 100’s K. Only a small fraction

(10° to 10°) of the gas is ionised.

These are generally used in lighting and the chalnoicphysical modification of surfaces

with applications in
Lighting
Displays
Gas lasers

Etching

Deposition

Surface
Modification

lon sources

Medical
Applications

microelectronics
micromachines

microelectronics
diamond film growth
decorative coatings
optical coatings
biocompatible coatings

surface hardening of metals
plastic and textiles water resistance and wettgbil

accelerators, including implanters
ion thrusters for space craft

plastic and textile changes to infloewrell growth
sterilisation



1.2 Specific applications

Below a few of the applications of plasmas to piguand processes are briefly
discussed. These have been chosen to give someoifdébde breadth of plasma
applications and also to draw out some common tedorefurther study. There will be
more detailed of some of these and other procéssesds the end of the course.

1.2.1 Lighting

The most significant industrial application of pias systems is in the lighting industry.
The normal fluorescent tube consists of a plasnwaygre containing Mercury (1 Pa
partial pressure) and Argon (400 Pa partial pregstihey convert electricity to light at
an electrical efficiency of between 25 to 30 % Bsabstantially more efficiently than
incandescent (filament) light bulbs. UV light isoduced by the decay of excited mercury
in the discharge tube and is converted to “whiigfit by a thin film of phosphor material
on the walls of the tube. Since lighting consuraksut 1,000 billion kWh per annum,
about 10-15% of global energy production and u@%&o0 of the energy production in
some less developed countries, there is constargiafament of plasma-based lighting
systems. This work seeks not only to improve th#iciency but also their colour quality
and to remove the need for mercury and phosphdrs. miost modern high-pressure
mercury lamps are metal halide lamps which useusodthallium or indium iodide to
affect such improvements and require no phosphor.

1.2.2 Lasers

The earliest laser was a ruby laser announced @9.1%he population inversion and
lasing action in this device take place in a dopsdtal, but here it is worth pointing out
that the crystal is energized externally by medna plasma flash lamp. In 1961 a new
type of laser, a He-Ne gas discharge laser, mad#elut and gas lasers have dominated
industrial applications ever since. While low povselid-state lasers have now become
widely available, they are not suitable for meditaniigh power applications.

A range of different species in the plasma arelweain lasing. Neutral neon atoms emit
the characteristic red laser light of the He-Nestaghis laser consists of an electrical
discharge in a gas mixture of 10 parts He to 1 [dattsitting in an optical cavity. Lasing
requires that there are more atoms excited intoeshigh lying states than into lower
lying states. This is called population inversiamce in thermal equilibrium the number
of atoms in excited states would decrease expalbnts the energy of the states
increase. In a He-Ne plasma population inverssoachieved because of collisional
transfer of energy from (long-lived) metastableural levels to ground state neon atoms,
exciting them to those specific high lying state¥he metastable He is created in
collisions with energetic plasma electrons. Pagaainversion allows the process of
simulated emission to take occur at a high ratee dptical cavity is formed by two
highly reflecting mirrors are placed at each endhef discharge tube with a separation



tuned to the wavelength of the stimulated emissmit bounces back and forward in the
cavity, stimulating more emission and so amplifythg light intensity. The unique high
directionality, narrow bandwidth and high cohereméethis LASER light stems from
this Light Amplification by Stimulated Emission Bladiation.

Other gas lasers include those produced by disebargthe vapour of metals such as
copper. The emitting species is an ion rather taamatom in e.g. the green or blue
emitting argon ion lasers.

Another class of lasers uses molecules excited dlff@rent vibrational rather than
electronic, energy levels to achieve laser acflde most common is the high power, up
to gigawatts in pulsed mode, @@ser which operates in a range of wavelength&en t
infrared. It is the most widely industrial laserthviapplications in cutting, welding and
even as a surgical tool. There are many other mtze¢asers were careful tailoring of
the discharge and wall conditions allow the full leonle to stay intact rather than
dissociate or that create the lasing species impthgma volume e.g. HCN, ArF* and
KrF* lasers. These latter excited dimers, or exsnean exist in the plasma state but
would dissociate spontaneously in their groundestat

1.2.3 Plasma displays

Plasma displays consist of arrays of small disam(gbout 100 x 300 x 1,006n°). A
group of three of discharges constitute one pieé producing red, one green and one
blue light. A 60 inch plasma screen consists oéaay of 1366 x 768 pixels i.e. 4098 x
768 discharge cells. The discharges are strudkalp in a 10% Xe and 90% Ne gas
mixture typically at a pressure of about 70Pa amged by a 200 V voltage, modulated at
100 kHz. The plasma produces VUV radiation fromitext Xe and Xge This is
converted to red, green or blue radiation dependinghe phosphor on the viewing
surface of that particular discharge cell. Thekidace contains the electronics to fire the
appropriate discharges to create the requiredrpatteimage. Clearly issues such as the
turn on and off times and the refreshment timeterdischarge are critical.

1.2.4 Plasma etching

Probably the most sophisticated applications ofsips are to be found in the
microelectronics industry. There the creation oth#ectures of semiconducting,
insulating and metallic materials by the additideosition) and subtraction (etching) of
many layers of different materials produces somthefgreatest challenges. The current
devices incorporate feature sizes as small as b30with the pursuit of ever faster
devices pushing this specification to 100 nm by3®200f the hundreds of processes used
in the fabrication of a state-of-the-art microchlpout one third involve the use of plasma
for etching, deposition, cleaning or passivatidris lestimated that about 60% of the $2
billion required to set up a fabrication plant tbe next generation of microchips will be
the cost of plasma processing-related equipment.



Critical specifications are the etching and depasitates, their uniformity over the
wafer surface and their reproducibility from water wafer, the anisotropy of etched
patterns i.e. vertical walls on edges of featuretia trenches and selectivity between the
etching rate of underlying or overlying materigdditionally there is the drive towards
ever larger diameter wafers and the introductionest materials to speed up devices.

This is a vast area and here we will focus on atEhA range of plasma chambers,
plasma excitation mechanisms and operating comditiare used, depending on the
specific application. Gas pressures used range @rointo 70 Pa, with electron densities
from 10 to 10" m™ and ionization ratios ranging from 1 in>1® 1 in 16, so neutral
gas predominates. Importantly the plasma constisu@lectrons, ions and neutrals) are
not in thermal equilibrium with one another. Theut energy is much more efficiently
transferred to electrons and since the energyfeafrom electrons to ions and atoms in
the binary collisions at these low pressures islisipacause of the large difference in
their masses. The electron temperature (~ 3 eVbouta30,000 K)) is therefore very
much greater than the ion temperature which is @Baw 3 times higher than the gas
temperature which in turn is about 1.5 times highan that of the wafer (~ 300 K). In
addition the ion energy to the processing mateaal be controlled by self biasing of the
wafer-holding electrode.

The recipes and chemistries used by plasma equipmamufacturers are process
specific, often complex and often commercially s#res For them all a critical plasma
feature is the dissociation of the molecular gaggserally through collisions with

energetic electrons, to produce, from the relagiveért working gases, highly reactive
species such as atomic oxygen, hydrogen or conpletepartially dissociated fluorine,

bromine or chlorine containing molecules. The gasatiation ranges from ~0.01 to 0.2
of the total gas content.

A simple example, which illustrates the ingeniogs of both the chemical and physical
aspects of the plasma, is the etching of a featuaa insulating Si@layerwhich stops at
an underlying Si wafer. This is currently one lo# {argest single etching applications in
the microelectronics industry. The process istflated in Figure 1.
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A fluorocarbon gas is generally used, the simpbeshg CR. In the plasma the gas

molecule is dissociated to produce F atoms andocacbntaining radicals. On a Si

surface the F atoms do the etching since they amnbith the surface Si atoms to form
volatile compounds which drift from the surface amd subsequently pumped away. On
the other hand the carbon-containing radicals farrpolymer which remains on the

surface and inhibits the F etching of the surfaddae bombardment of the surface by
plasma ions, accelerated across the plasma sheptbmotes the removal of both

polymer and fluorinated silicon species from thefae. Control of the ion energy is

important since if it should be high enough to efifeely remove surface products but not
so high as to cause damage to layers or struatmaerlying the surface.

The final etch rate depends on the balance of dFGaatoms on the surface which in turn
depends on the density of the different neutralcigsein the plasma, the ion flux
bombarding the surface and the ion energy.

On exposed Si©the combination of oxygen and ion bombardment ltesm the
formation of volatile CO rather than a polymer dhds allowing F access to the surface.
At low gas pressures, when the ion mean free patilvden collisions with gas atoms is
longer than the sheath width, the ions move albegetectric field lines and so strike the
surface perpendicularly. This results in highlyedifonal energy deposition producing
vertical wall on the etch features, allowing clopaicking of the features. In addition
polymer builds up on the sidewalls of the featunel gince this is not subject to ion
bombardment it remains in place so preventing sadleetching and hence further
promoting the anisotropic etch.



Once the Si wafer is reached the polymer also buifalat the bottom of the trench since
there is now no @present. This inhibits etching of the Si. Sinbe fon and atom
densities in the plasma may not be uniform overetitre 300 mm diameter of a wafer,
the SiQ may be etched faster in one region of the wafan thnother. The polymer
passivation allows the etching process to be rittlealonger to ensure that the Si€tch

is complete across the whole wafer without etclohghe underlying Si. The polymer
can subsequently be removed by exposure to an nxylgema.

It is clearly essential to get the correct F:Caatnd this can be controlled. For example,
in a particular plasma source £ay produce too many F atoms and side etching may
occur because there is too little carbon in whigbechydrogen may be added to mop up
the excess F as HF. Alternatively the same endbeameet by using compounds with
lower F:C ratios such asE..

1.2.5 Plasma Deposition

Much deposition, particularly of metals, is carrieit by using energetic ion
bombardment to remove material from one electrod@ @eposit on the wafer sited
opposite it in the discharge. Argon is often uasdhe processing gas but by adding, for
example, nitrogen to the discharge the metal mitcan be deposited.

Interesting synergistic physical and chemical plmesma can also be seen in plasma
deposition of diamond coatings where small conegioins of hydrocarbons (e.g.
methane or acetylene) are added to hydrogen plaBmeaplasma produced hydrocarbon
radicals are deposited on the surface and the eddsms predominantly in the graphite
phase but a small quantity of carbon depositserdiamond phase. The plasma-produced
atomic hydrogen efficiently etches the graphite bot the diamond so, over time and
with the right hydrocarbon/atomic hydrogen mix,iandond layer grows on the surface.
Such films have many applications including as haedring, biocompatible coatings on
medical implants.

1.2.6 Polymer and Textile processing

It has been found that exposing polymer and evgtidematerial, such as cotton, to

weak plasmas operating in nitrogen or oxygen gascbange the surface functionality.
The materials become more hydrophilic i.e. theyodisvater more readily. The effect is
seen to be permanent and clearly has applicatiodgding and diapers etc! Microscopic
inspection of the surfaces, demonstrate that thenehtal composition and the nature of
the bonding has been changed following the plasrmosire. Exposure to fluorine-

containing plasmas can create a similar but oppasfitect making the material more
hydrophobic i.e. water repellent. Early researctidates that these effects may be
produced by a synergy of plasma chemistry, ion chpad even light.

These effects were first explored in low pressusettarges such as those used in the
microelectronics industry but operated a very loowpr. A major recent development



has been the replication of similar effects butatmhospheric pressure, but with added
helium to allow plasma creation at low powers. Tdrsates a non-thermal plasma at high
pressure and opens up the possibility of plasnarrent of materials in the continuous
web environment used in the textile and polymeustd.

1.2.7 Ozone production

Siemens developed the first process for the prasluaif ozone in an air discharge at
atmospheric pressure in 1857, and ozone was usedlange scale for the treatment of
drinking water from around 1900. This is still inmpnt today and continuing

development is assured by new uses for ozone, asithe bleaching of pulp for paper
manufacture which is now replacing the more noxickerine bleaching. What seems
initially a relatively straightforward process h&de&onsiderable chemical complexity
involving plasma produced species such as exciteteaules, molecular ions and
negative ions.

1.3 Conclusion
There are concepts that are important to underskese plasma applications.
They are

* Plasma generation and the production of energatis. i

* The emission of light from plasmas.

* The production of reactive species from a chenydakrt feedstock gas.

» The reactions between the particles produced ipldmma with one another and
with the neutral gas and its products.

* The interaction of ions, electrons, photons andcedsl with surface in contact
with the plasma.

In order to understand the current applicationglaéma applications and anticipate new
applications it is essential to understand these&lpocesses. In this course we will look
in detail at these issues before eventually retgyfor a more detailed look some of these
and other plasma applications.
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