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1. Introduction to Plasma Processing

1.1 How to Create Plasma?

1.2 Fundamental Plasma Parameters

1.3 Conditions for Plasma as Ionized Gas

1.5 Plasma Sheath

1.6 Overview of Plasma Processing Methods

I What is plasma? The 4th state of matter: the gas containing electrons and ions,
fulfilling some special conditions ⇒ ionization processes, ionization degree

I Fundamental plasma parameters: electron temperature and density. What about
parameters of other particles?

I Quantities and terms important for plasma physics: Debye length, plasma frequency,
cyclotron frequency, Larmor radius.

I Plasma interacting with solid matter - plasma sheath (Boltzmann relation for
electron density, Bohm velocity), plasma potential, floating potential.

I Why plasma in material processing?

I Many existing methods: plasma treatment, magnetron sputter-deposition, plasma
enhanced CVD, plasma polymerization, plasma synthesis of nanoparticles,
plasma etching.
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1.1 How to Create Plasma?

Plasma is 4th state of matter (created from neutral gas by ionization, i. e. generation of
electron-ion pairs):

Adding sufficient energy to molecular gas leads to the dissociation of molecules into
atoms due to collisions of the particles having energies higher than bond energy.

If the particles have even higher energie, the collisions leads to ionization (electrons are
set free from the atom).
⇒ creation of plasma as quasineutral system of electrons, ions and neutrals.

plasma ionization degree α = ni
ni+ng

α ≈ 1 - fully ionized plasma
α� 1 - weakly ionized plasma
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1.1 Several Methods for Plasma Generation

I Increase of temperature ⇒ The system is in thermodynamic equilibrium. Electron
temperature Te and degree of ionization αi = ni/(ni + ng) are binded by Saha
equation - not usual for laboratory plasma but can be often found in nature (space
plasma).
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Several Methods for Plasma Generation

I Using additional ionization processes ⇒ the ionization degree is increased above
its equilibrium value. When the source of additional ionization is switched off the
plasma fades out due to recombination.

photoionization - ionization
potential of e. g. oxygen atom is
13.6 eV ⇒ photon with 91 nm
(vacuum UV)

example: Earth ionosphere - natural
photoionized plasma

gaseous electrical discharges - el.
field accelerates free electrons to
energies sufficient for ionization

example: d.c. glow discharge
- laboratory plasma
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Where to find plasma?
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1.2 Fundamental Plasma Parameters - Te, ne, B

electron temperature Te in eV, 1 eV = 11 600 K
Outside thermodynamic equilibrium other
temperatures discussed: ions (Ti), neutrals (Tn)

electron concentration ne = ni
magnetic field B

Other essential physical quantities are derived
from Te, ne, B:
Debye length λD =

√
ε0kTe
e2ne

plasma frequency ωp ≈ ωpe =
√

e2ne
ε0me

cyclotron frequency ωc = qB/m

Larmor radius rc = v⊥/ωc
thermal velocity etc.
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1.3 Conditions for Plasma as Ionized Gas

Natural length scale in plasma is Debye
length

λD =

(
ε0kTe
nee2

)1/2

Natural frequency (time) scale in plasma
is plasma frequency

ωp =

(
nee2

meε0

)1/2

I Ionized gas is the plasma namely if ne = ni on the scales of L� λD.
I Plasma contains many interacting charged particles, condition: neλ3

D � 1
I Plasma exhibits collective behavior of electrons that is not much disturbed by

electron-neutral collisions (collision frequency νen), conditions: ωpe/(2π) > νen
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Plasma Conditions - Collective Behaviour
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1.4 Why Plasma in Material Processing?

Low temperature plasma of gaseous discharges provides unique environment for
material processing:
I hot electrons (Te few eV, 1 eV = 11 600 K)

⇒ dissociation of molecules into reactive species

e− + AB −→ A + B + e−

I positive ions that can be accelerated to hundreds of eV near solid surface
⇒ sputtering of targets, implantation, modification of surfaces and growing films

I cold neutral gas
⇒ highly energetic process can be kept in a vessel, heat sensitive materials can be
treated (e. g. polymers)
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1.5 Plasma Sheath

Quasineutrality ne ≈ ni is fulfilled on the scale L� λD, i. e. on the dimensions larger than
Debye length

λD =

(
ε0kTe
e2ne

)1/2

but this is violated in regions adjacent to walls and other solid objects in contact with plasma
– plasma sheath.

Plasma sheath regions are very important for plasma processing. Plasma potential is
always the most positive potential ⇒ electrons are repelled by a Coulomb barrier, ions
accelerated towards solid surfaces.
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1.5 Plasma Sheath for Low Voltage Drop

Charge densities and potential in bulk
plasma, presheath and sheath adjacent to the
wall or electrode

Relations valid for
I low sheath voltage (at floating or

grounded walls)
I weakly ionized plasmas Te ≈ few eV,

Ti ≈ 0

Densities of electrons and positive ions are
expressed as

ne = nse
eV
kTe ni = ns

(
1−

2eV
Mv2

s

)−1/2

where vs is ion velocity at the sheath edge,
approximated by so called Bohm velocity uB

vs ≥ uB =

√
kTe
M

Charge density at the sheath edge is

ns ≈ 0.5n0.
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1.5 Plasma Sheath at Floating Wall

Charge densities and potential in bulk
plasma, presheath and sheath adjacent to the
wall or electrode

Electron and ion fluxes

Γe =
1
4

ns

√
8kTe
πm

e
eV
kTe Γi = nsuB

have to equal at the floating wall ⇒

Vfloat − Vplasma =
kTe
2e

ln

(
2πm

M

)

For a typical low pressure discharge:
I Te = 2 eV, ne = 108 cm−3

I in argon

floating potential is approx. 5Te = 10 V
sheath thickness is approx. 5λD = 0.37 mm.
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1.5 Plasma Sheath for High Voltage Drop (Applied Voltage)

High-voltage sheath (a voltage is applied) can be approximated by a model with
Child-Langmuir sheath:
Sheath is artificially divided into Debye sheath
which contains electrons and high-voltage Child-
Langmuir sheath which has ions only.

Then, current density j , voltage drop V0 and
sheath thickness d are related by the Child-
Langmuir Law of Space-Charge-Limited Diodes

j =
4
9

(
2e
mi

)1/2 ε0V 3/2
0

d2
d =

2
3

(
2V0

kTeV

)3/4
λD

following previous example
with assumption V0 = 400 V ⇒
d = 30λD, total sheath thickness 35λD,
i.e. about 1 cm

An exact calculation for a plane
sheath shows that C-L scaling is not
followed unless the sheath is very
thick (notice log-log scale)
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DC Plasma in Touch with Electrodes/Walls
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1.6 Overview of Plasma Processing Methods

Plasma etching - irreplaceable
anisotropic dry etching: combination of chemistry and
effect of ions (reactive ion etching)

Plasma treatment
dry modification of the top surface
layer (no material added)
I roughness
I surface chemistry
I dangling bonds

in Ar, O2, NH3 . . . discharges

Plasma synthesis - high purity
I plasma in liquids
I plasma synthesis of nanoparticles

e. g. iron oxide superparamagnetic NPs -
(minimum toxic effects for cells)

Plasma deposition of thin films
see next slide
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Plasma Deposition

Plasma deposition of thin films
I plasma enhanced chemical vapor

deposition (PECVD)

I physical vapor deposition (PVD) - dc
diode sputtering, magnetron sputtering
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Applications of Plasma Treatment and Deposition

Material surface can be plasma treated or plasma coated with a thin film thickness of the
plasma modified layer ranges from few nm to tens of µm.
I hydrophilic surfaces for improved painting, printing, lacquering
I surfaces for improved adhesion of coatings or strength of adhesive bonds
I hydrophobic surfaces for nonadhesive, self-cleaning or antifouling applications
I thin films for electronic applications (a-Si:H, Si-based dielectric films)
I thin films for optical applications (low and high refractive index oxides)
I hard and tribological coatings (metal nitrides, metal carbides, diamond like carbon)
I barrier coatings (a-C:H, organosilicon plasma polymers)
I bioapplications such as biosensors, drug immobilization, tissue engineering (surface

functionalization, plasma polymers)
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Unique Features of Plasma Technologies:
I dry process (gas phase), i.e. with low consumption of chemicals,
I offering replacement of toxic and explosive reactants, i.e. environmentally and user

friendly
I irreplaceable for anisotropic etching required in microelectronics or MEMS applications
I preparation of new materials that cannot be obtained by pure chemical methods

How it can be used?
I in vacuum reactor (at low pressure) - excellent control over the process
I at atmospheric pressure with no need of vessel (except because of safety reasons in

case of toxic chemicals)


	1. Introduction to Plasma Processing
	1.1 How to Create Plasma?
	1.2 Fundamental Plasma Parameters
	1.3 Conditions for Plasma as Ionized Gas
	1.4 Why Plasma in Material Processing?
	1.5 Plasma Sheath
	1.6 Overview of Plasma Processing Methods


