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(Atmospheric Plasma Technology & Applications)
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LTE 2 non-LTE Plasma®l d|

LTE plasmas

Non-LTE plasmas

Current
name

Properties

Examples

Thermal plasmas

Cold plasmas

T,: — Th

Tn: == Th

High electron density:
10*'~10% m~?

Inelastic collisions between
clectrons and heavy particles
create the plasma reactive
species whereas elastic
collisions heat the heavy
particles (the electrons
energy 1s thus consumed)

Arc plasma (core)

Lower electron density:
<10 m™*

Inelastic collisions between
clectrons and heavy particles
induce the plasma chemistry.
Heavy particles are slightly
heated by a few elastic
collisions (that is why the
clectrons energy remains
very high)

Glow discharges

T.=T,=10,000 K

1.~ 10,000 100,000 K
1,=300-1000 K
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“Hot” 1} “Cold” CH21& ZctX0}

Atmospheric, “hot” (thermal) plasma for remelting Atmospheric, “cold” (non thermal)

Plasma for surface modification (close to room
temperature)

Gas temperature: 1000C to 20000C Gas temperature: <70C

Energy density: >10%J/m?3 Energy density: usually <102J/m3

Usually isothermal, thermally induced emission of Not isothermal

electrons Specific increase in the electron temperature through

short-term gas discharge phases

After ignition: Continuous gas discharge, high After ignition: Short-term, usually pulse-shaped gas
current density discharge
Goal: Goal:

Melting as much material as possible in a short time, | Surface modification without melting
high density « Micro-cleaning: Removal of undefined adsorbates

* Wetting: Changing the surface morphology (changing
the chemical composition of the top atom layers)

» Cross-linking: Stabilization of the material properties
on a surface

Source: Arc torch, ICP Source: DBD, Low T Plasma jet, Corona
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~ Dielectric Barrier Discharge (DBD) Type —— Corona Discharge Type

Metallic electrode Plasma discharge

Cathode wire

—

@D Corona discharge ®

e
Drift region —

Streamers

Dielectric layer Anode

(a) (b)

Plasma gas Anode

Cathode

Arc Plasma Torches
(a) current—carrying
(b) Transferred

Plasma jet

Anode - nozzle
Cooling water

Plasma gas




Plasma gas

!

Water cooling C

Quartz glass tube

Plasma jet

carrier electrode

I Quartz capillary
Gas sheath

Hellow RF electrode

RF pencil design

Plasma jet

Grounded substrate

Barrier torch design

Plasma gas

|

Cold plasma
torch design

Grounded anode
—_——

RF cathode

Spacer

Insulator

Plasma jet
Water cooling

|

RF electrode

Plasma jet
Grounded electrode

Plasma gas

APPJ design
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Excitation Source Plasma properties Operating conditions
Industrialized sowrces
DC/Low frequency Are torch T,=Ty,=8000-14,000 K* Gas: Ar /He

Pulsed DC/Low [requency

Radio frequency

Pulsed radio frequency

Microwave

Plasmatreat™®

Corona

DBD

Icp

IST

Cyrannus

n,=10*"'-10** m™—>

T,<700 K

T=40,000-60,000 K
Th=400 K
ne=10"-10" m—3

T.= 10,000~ 100,000 K™
Th=700 K
ne=10"%-10*' m~*

T,=T,=6000—11,000 K*

n,=10*"-10** m~*

Ty <400 K

Ty =T00K

Gas flow: 10-150 slm
Power: 10-100 kW
(7as: air

(Gas flow: 117 slm

(ras: air

Some 100 W
Plasma gas: 540 slm

Cras: Ar/He
Cras flow: 10-200 slm
Power: 50-700 kW

(Gas: surrounding air
No gas flow
Power; 20 kW

Gas: Ar/Oa

Power: 6 kKW

LHEfet SEfS LH18 ECfX20F 2 AS0/ FHL D AUE
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Processing
-Surface processing
-Field-emitter arrays

Flat-Panel Displays
-Plasma displays

L

Volume Processing

-Flue gas treatment
-Metal recovery
-Waste treatment
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Radiation Processing
-Water purification
-Plant growth

Chemical Synthesis
-Plasma spraying
-Diamond film deposition
-Ceramic powders
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Switches
-Electric power
-Pulsed power

Energy Converters
-MHD converters

‘ -Thermionic energy

_ Light Sources
mospheric

Plasma

-

-Low pressure lamps
-Specialty sources

-High intensity discharge lamps

5

Medicine
-Surface treatment
-Instrument sterilization

Surface Treatment

-lon implantation
-Hardening beam sources
-Welding, Cutting, Drilling
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Excitation Source Contaminant Plasma Treatment Observations
(substrate) duration
E_LE-;&_ E'r_eaiflér{r;}'“: ! DBD ‘: Ag2S (Ag) :r__e‘;uE_______i L 80 5 ApsS layer is removed
| X | | |
i i i i 0il (Al, Si) i Air, O, i A few sec Lubricant is totally removed if the plasma gas flow rate is low (1—3
: V! : : ! slm). With a high flow rate, polymerization of the oil occurs
| V! i | : Plasma cleaning is more efficient in air than in O,: importance of the
i i i i i i metastable N2 species
: | : ! Fea0s (Fe) : Ar/Na oAb s Surface i1s cleaned
| 0 i | : Complete cleaning mechanism is not vet established: it is different from
i i i i i i a simple etching mechanism by nitrogen active species)
| [ 1 | 1
1 [ 1 | 1
| Pulsed low i ' Glow DBD | Oil (Fe) R 0 . 10 min il 15 removed
i frequency i i i i i DBD is as efficient for oil removal as ultrasonic cleaning in acetone
1 [ 1 | 1
| [ 1 | 1
‘Radio | i Plasma i Cormosion . Ar L 305 Reduction of the comrosion products on antique metallic artifacts
i frequency i 1 pencil i (archeological | i The object is immersed in a chemically reactive liquid in order to
i i i ! metal artifacts) i | combine the efficiency of the plasma treatment and the selectivity of the
i il : | : chemical processes
i i i APPI i Biological, i He/0, i 30 s Meutralization of chemical and biological agents (e.g. mustards, anthrax)
: V! i chemical agents ! ' APPJ operates at low temperature and does not generate harmful or toxic
! V! v (glass) i | products: thus it is suitable for rapid decontamination of material and
\ E i i E i safe for personnel
Pulsed radioc | ! ISTsystem | Micro-organism | Air i 15 ms Sterilization and deodorization inside PET bottles
frequency i ' i (PET bottle) | : No damage (mechanical, thermal) on the surface
' i i i E Industrial process: 36,000 bottles per hour

iSemi-memllic i i MPT i Fe;0s (Fe) i He, Ne, Ar i 1200 s Surface is cleaned: FeOOH groups are completely removed. Importance
! microwave | ! : ! : effect of metastable species for breaking bounds
' torch V! ' : i Megligible influence of the temperature and the UV photons on cleaning
i i i Sugivama and i Iron oxide (Fe) i Ar/H; i 155 Oxide laver 1s removed but the surface is slightly damaged

1 1 1 1




Sterilization & Deodorization inside PET Bottles

n—
TN

RF pulsed generator

Central ignition electrode

Stainless-steel
screen

Dielectiic
wrapper >

Grounded
electrode

—

 The IST society has developed an RF pulsed discharge to decontaminate
the interior of plastic bottles
 The process is the DBD adaption to the complex surfaces treatment
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0.65

— Plasma treated

0.60
Untreated

DBDZCDI'iI RF source 0.55
y- 4 C) 0.50 . -
: s Resist AIH 8=
Dielectric 0.40
§ o35 IR Spectrum
E 0.30
< 025
Dielectric = e

015
0.10
0.05

T e e ——— AN A
4000 3600 3200 2800 2400 2000 1600 1200 em™' 800
Wave number

Spectrometer

APP

ﬁ

"
100 pm

Popped resist film after P dose of The same sample after stripping
1x107® cm-3 at 30 keV, and heating the ion implanted resist with
to 150 °C. Surfx’'s plasma process.




Atmospheric plasma can have:

Energetic charged particles

UV radiation emission
Heat
Radicals O, OH

Ozone density in atmospheric plasma discharges

Excitation Source Ozone density (cm™ ")
DC Arc plasma torch <10

Pulsed DC Corona 10'®

Low frequency DBD 10'

RF APP) 10
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(1) Plasma needle:

* a low-power atmospheric
plasma jet

e proposed for using in sterilizing
teeth and treating burns or
wounds on skin

(2) DBD : Control

e sterilization of E-coli

e Ar plasma

e can kill E-Coli under the ol Zat=0t M2 =&A
short exposure Ar 8% : 5LPM

elAl2: 1 5, 302
ScHX0F 2R 02 Hel - 3em




o1 SctX201e 52X 2ds S8

Excitation Source Plasma Substrate Observations
Pulsed DC Corona :r“.»;ui_r _________ ‘: E_I;I_’_ETE_:_?:F; m] _n;:}]“i Increase in PP surface energy: 43 mJ m™?
| i ' ' Surface energy value remains stable during 100 days
Low frequency DBD i He i i PP (E: 26 mI m™?) i Activation efficiency depends on the discharge mode
E i i i Filamentary discharge increases the PP surface energy value to 45 mJ m~*
: ol i Walues as high as 62 m] m™* are obtained with a glow discharge
| i i i Improvement of wettability is due to O implantation and N atoms density at the
i i i PP surface
: i | i 0 comes from impurities in the plasma gas (N2, H20) that are excited, ionized
i | i E by highly energetic He metastable species
Aldyne™ i Gas mixture i | PP (E: 26 mIm~%) | Increase in PP surface energy: 60 ml m~*
i based on N5 | i i Surface energy value remains stable during 100 days
AcXys | Air 11 PP (0: 95°) i Decrease in water contact angle: 25°
i i E i Contact angle value remains stable over 3 weeks
Plasmatreat . AIr iV PP(E: 26 mJ m_z] i Increase in PP surface energy: 56 mJ m™?
i i i i Improvement of wettability due to the increase of oxygen concentration and
i ) i the changes of the topology substrate surface induced by the thermal
E i E i component of the plasma
Radio frequency HELIOS . Air/Ne | 'PE(E: 33 mI m™?%) ! Increase in PE surface energy: 57 mJ m~2
i ¥ | Dehydrogenation +C=C bonds formation (FTIR)
| i ' i Uniformity of the activation over 20 cm’
Semi-metallic Sugiyama and i Ar/Os i i PP (£: 1007) i Decrease in water contact angle: 30°
microwave al. torch i i i v CO, 0—CO—-0 bounds formation (XPS)
torch 1 Ar/CF, i i Increase in water contact angle: 125°

(T, CFs, C-CT,,, CF-CF, bounds formation (XP3)
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e Functionalization occurs by the chemical interaction of plasma
produced species - ions, radicals and photons with the surface.
e+02—=»0+0+e
0 02 OH )
Y N 5

N T
— —+ —C—C—C— —» —C—C—C—
| o

T
—C—C—C
I

e Chemical groups are incorporated onto
the surface which change surface
properties.

e Process usually only treats the top mono-
layers not affecting the bulk.

Wettability on PE film with 3 zones of treatment:
a)untreated b)slightly treated c) strongly treated.
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Peel Strength (MPa)

—=—LDPE @ 400 mm
—=— LDPE @ 800 mm

No Treatment

0 T T 1
standard 1 10 10

Time (mins)

e Peel strength of Polyethylene (PE)

FAS 9B ND1 Zot=0t Xel 21

e Adhesion strength of PE
improves by a factor of 2-3
within a few seconds of
treatment in a plasma.

e Adhesion shows some
atmospheric degradation
indicating long term reactivity.

downstream of an atmospheric pressure air

non-equilibrium discharge.

M.J. Shenton et al, J. Phys D. 34, 2754 (2001)
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e Pulsed atmospheric filamentary discharges (coronas) are routinely
used to web treat commodity polymers like polypropylene (PP) and
polyethylene (PE).

a0
=]

“é‘“ = | DPE _
S 70 === HoPE| Ar X2l .
@ == PP
% R ————
>
TYPICAL CONDITIONS & 50
o
e kVs at few kHz e W 49
]
o 7~ few ms I@ £ 2 “ W
e Web speed few m/s ! ? 20 |
e Gap : few mm :i Untreated Best
GROUNDED ! FEED ROLL 5
ELECTRODE ! £ = | DPE -
! 5 7o |mmm voee| He M2l
@ == PP )
PLASMA L ————
>
g 50
------ POWERED e
& 40
]
ELECTRODE 8 . w
N | |
20

HIGH-VOLTAGE Untreated Best

POWER SUPPLY o
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NS HHEHHS!

COLLECTOR
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Excitation Source Applications Advantages Limits
DC Arc plasma Coatings (APS) Can be adapted to a robot MNowse, powder emission, radiations
torch Machming Complex surfaces treatment Cathode erosion
Toxic waste reatment High deposition rate, thick coatings, WVarwous parameters make the process
wide range of deposited materials control difficult
Powder treatment
Lamps
RF ICP torch Spectroscopic analysis Can work with very high power MNowse, powder emission, radiations
Coatings (TPCVD) Mo electrode Mot casy maneuverable: the substrate
has to mowve
Toxic waste treatment Complex surfaces treatment

Powder treatment

Pulsed DC Corona Ozone production Complex surfaces treatment Inhomogeneous treatment
Surface activation Easy handling Surface can be damaged
Low frequency DBED Ozoene production Treatment of large plane surfaces Problems of stability (deposition on the
electrode)
Surface activation, cleaning Easy to handle Crap size lmits the thickness of the
treated piece
Plasma Surface cleaning, activation Multi-nozzle system High flow rate
treat® Complex surfaces treatment Mot enough energy to remove oil
Can be adapted to a robot
AcXys Surface activation, cleaning Treatment of large surfaces, complex pleces High flow rate
Can be adapted to a robot Mot enough energy to remove oil
Pulsed radio IST Stenleation, deodonzation Fast treatment of complex surfaces -
frequency 36,000 bottles per hour

Reduced cost companng to other
sterilization methods

Microwave Cyrannus® Cleaning and activation of Stable and homogeneous discharge The quartz tube diameter imits the
polymer surfaces size of the reated surface
Complex surfaces treatment The closed design avouds direct

integration to production ines
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