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Plasma chemistry in non-equilibrium discharges:
discharge physics and applications

Retired from ABB Corporate Researcł, Baden, Switzerland ()bere Parkstr, 8,
5272 Hausen. Switzer]and

Abstract
-.-eqrrilibriunr (cold) plasnlas operated at or close to atmosplreric pressure lrave become very

"",,:ta]rt. Recent progress in the operation of corona discharges and dielectric-barrier clis-
.:les and their applications is discrrssed, New 1arge-volunre appiications inclrrcle high-power
-lrler ultraviolet lamps, excimer based fluorescent lamps and large-area flat pla.sma display

":.els. Novel plocesses include tlre treatrnent of large gas florvs for odour and pollution control
, . l the selective functionalization of flat surfaces, fibres, fabrics and powders, Ftrrther innova-

',-e applications can be expected frorn the combination of recently developed nricrocavity plasma
-','ices, DBD operation and microfabrication technologies suited for nlass prodttction. Large

,,':łr-s of parallel miniature non-equilibrium disclrarges can be operated silrrultaneously. If srnall
]F:ttlles are used gas can be fed throrrg}r tlrese nricroplasmas, thrts creating the rrniqrre poss!
,l1, to combine microreactor teclrnology with non-equilibritrm plasma cłremistry arrd possiblv

_,l catalysis.

{el'words: Corona discharges; Dielectric-barrier discharges; N,[icroplasmas; N,{icroreactors

Introduction
- 

--e two major representatives of atrnospheric-pressLlIe non-eqrrilibrium clischarges
-rl Plasmas) with electron ternperatures far in excess of heavy particle tentper-

: - -l'€S &,t'€ corona discharges usecl in electrostatic precipitators and copying rna-
-.}es and dielectric-barrier discharges (DBDs). originally mainly used for large-, .le itrdustria] ozotre generation. Recent advatrces irr tlre understarrding of tJre

,-:1rarge PhYsics and reaction kinetics of attrtosplreric-pressure rron-equilibrirrnr
' E-nrai1 address: u.kogelschatz@bluewin.ch
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discharges and ilnpror,,emelits itr techtrology lrave lecl to a nurnber of norrel appli-
cations irrclriding }riglr-power excirner r_lltraviolet lanps, excirrrer llased fluorescerii
Iatttps arrd large-area flat plasnra display patiels. Additional applications catr bę

folttrd irr pollution cotrtrol devices and in processes rsecl for advaticed surface tnod-

ification. Crrrrerrtly irrvestigated processes inclrrde the cleanillg. functiorralizatiol..
stelilizatiorr, decontarrrirratiorr arrcl coating of rlretal arrd polyrrrel srrrfaces and th.
treatnent of texti]e fibres and fabrics [1,2]. Norr-eqtiilibriulrr discłlarges carr irriti-

ate arr electron driverr cltetnistry or free radical chenistry rvitlrotit tnuch heatin.
of t}re nain gas florv, Interactiorr of tlrese disclrarges u,ith solid srrrfaces in narron,

clranriels. in packed bed t,eactors and in porolls structrrres can grea,tly iurprove tll'
selectivity of reactiorr paths by plasnra dlivetr catalysis.

2 Corona discharges

N{ost corona clischarges have one "active" electrode n,itlr a protruding convex ft-
giorr of snrall radirrs of curvature that produces localizecl iorrization close to ir.
strrface, Typical electrode cottiiguratiolls ale tlrirr wires irr concentlic c)rlitrders,_:

positiolrecl betu,een parallel planes and point electrodes facing planar or cul'r'ej
electrodes. The rrrost inlpoltatrt industrial application is in large electrostati"
precipitators (trSPs) used for fly ash collection irr coal-fired power plarrts [3]. ]:
rnost cases a negative high voltage is applied to t}re active electrodes: straigl.:
thin r,vires, barbed wires or tirin lrelical wiles. Sotrletintes also interlnittent i,:

prrlsecl energization is used. Tlte cororra electrodes ate nrounted between parali",
grourrcled collecting pla,tes forrrrirrg drrcts througlr w}ricłr tlre particle ladetr flue ge.,

strearrr is charurelled. Tlre most irnportant regiorr for charging ancl collecting du.:
particles is tire rirripolar ion drift region connecting tire ninute actirre iolrizatic,'
region to the opposite electrode. In a typical flue gzrs the electrotls fortrred c1o..

to tłre cololla electrocles rapidly attach to 02, COz, or H2O molecu]es to forl.

negative ions. On their way to t}re ground electrode tllese ions collide witłr drrs-

particles ancl cha,rge thenr so tlrat electrical fot,ces can act orl tlrern arrd separatł
tłrenr frorrr tlre gas stl,ea]n. Ilr recent yeals pttlsed streanret, colonas have bee-

propagated fbr tlre redtlction of NOr. SO, or,\rOCs. Tlre electrode configuratiot*
are sinlilar to tlrose used in trSPs bLrt fol tlris applicatiori slrort positive łiigh vol:-

age prtlses are used to pt,odrtce a 1arge trullrbel,of 1;ositive strearrrers filling rrrost ti
tlre irrter-electrode voltrrrre, In tlris case }orr- el]ergy electrons are usecl for excitłr-

tiotr atrd dissociatiorr of tlre llackglourrcl gas. t}rrrs producirrg free radicals that ca'
be utilizecl for the allaterrrellt of l-ari.lus polhttarrts, Substantial inrprovenrents i:
ptrlsed po\\,er teclurologr- cotllbirlecl rr-itlt tlre rtse of additives have ied to a reduc-

tiolr of tlre specific ellel,gv LeclitiLtltt.,tit ILl \-alLles tlrat rrorł. appeal conlpetitive [J

Faillr, large itrstallatiorrs are a]tea",i,,,_:-,,ileration for waste incineration ilr Sout-
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- lrę2 ąld ale under construction in a large power plant in Taiwan.

3 Dielectric-barrier discharges

- --ę classical dielectric-ba,rrier disclrarge (DBD). originally proposed by Sienrens
1357 fot "ozonizing air", is a very elegant rvay to procluce a norr-eqrtilibriurn

.,>ttla at atrrrosPheric pressule [1], Several colrfiguratiotrs using glass, ceranric,
: :ltsed silica dielectric barriers are used (Fig. 1),

{:.l*elrtltlr:;

[,}itlłr:trił
-""{Jixclrargł

ł],,l*clrąxiąl

.r&,{kL*r* L:]*
Figure 1. Comnron dielectric-barrier disclrarge configuratiolrs.

.lrclrtstlial ozolle genera,tion is stilt a rnajor applicatiolr [5], \,,Iost ozolle gel}el_
:- ttse cYlindrical glass or cera,nric tubes nrourrted in sliglrtly rvider stee] tubes,

' --:llg annular cliscłrarge gaps of typically less than 1 nrm radial wic]th throtrgh
- :i tlre PIoceSS gas (oxygerr or dry air) flows irr tlre axia] clirection. Ozone is

.* ,. IrrainlY for lł'ater treatment zrrrd irrcreasingly also for prrlp bleachirrg. Orre of
-argest recent installatiorrs is tłrat at tlre paper factory Votorantinr Celrrlose
.:e1 (VCP), Jacarai, Blazi]. whicłr produces 500 kg ozorrc per hour. N,,Iocl-

""] ,'ll]Pact ozone generatrlrs sontetimes use a copianar electrocle configttration
' : 2) based on a design origirrally proposed by S, \,{asirda and coworkers [6,7].

Figrrre 2. Coplanar DBD configtlration rvitlr enrbe<]c]ec1 electrocles,

Tlrirr Parallel electrode strips are enrbedded irr a dielectric oI ale printed on

Sirrtace Discharges
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i,l l]_ i .,,=l-,i.i-itil a tlrilr clie}ectric layer. Tlris electrclde stlucture fourrd large-

- .,_. _:_ i,:-::,:., ai]plicatiol}s ilr flat plasnra display panels (PDPs). Tirry gas cells.
,,: -.': ,:: ._ :_1,1tt lirlear clitrlensiorr, fi]led with XeiNe or Xe,/He at about 600 TOrr

i"]-: i,:].rl:ti a.t a clril-irlg flequency of 100 kHz, Eaclr pixel cell iras an itrternal

l,: i. 3:,.,:l:. c,t, bhre plrosplror coating t}rat is used to collvelt tlre V{JV radiation

1,1,,,:l_..rtiter_1 \e atotns and Xe) nrolecrrles (excirriers) to the colours needed in

i},-_ iii.plar, |8.9.10]. Altltotrgh prodrrctiorr of flat PDPs startecl orrly in 1996 last

itar.. 2i]UJ. already more than 7 rnillion PDPs were sold. Tłre arrnual nrarket

i: trpected to s1llpass 25 bitliort US by 2010. Coplar}al eiectrocle configurations

ate also useci itr anotlrer fast grorł,ing nra,rket. that of tnerculy-free backliglrting

svstel]]s for liquid crystal displays (LCDs) [11,12l. For otlrer applications vel}-

fitre trrearrcler-like electrocle stl,uctul,es łrave been trrantrfactured, occasionally with

1rlore than 1 rrr of electlode lelrgtlr on 1 cm2 surface alea, For tlreses discharges the

terll} lnicro-structured electrode (N{SE) discharges was introduced [13.1a]. At at-

trtospireric pressure nost DBDs consist of rrrany short-lived crrrrer)t filanrents (rni-

cro<lischarges), Uridel celtaitr, very special conditions, maitrly in He, Ne, prue N2.

also self_orgalrized disclrarge pattertrs ol apparently 5orr,o*"1reous diffuse DBDs
can be obtained [15,16],

4 Spatially confined discharges

Dttrirrg tire last decade a number of novel disc}rarge types were developed tlrat

can be clraracterized as nricroplasmas or disclrarges gerrerated and rnaintaiłred irl

spatially confined geornetries [17,1B]. Like corona discharges and DBDs these dis-

cllarges can be operated at atrrrospheric pressure and still exhibit rron-eqttilibriuln

plasnra conditiorrs. Anong tłre most pronrinent repleserrta,tives are nricro}rollori'

cat}rode (N,IHC) discharges arrd cathode boulrdary layer (CBL) discharges prG
posed b}, Sclroerrbac}r and capillary plasrrra electrode (CPtr) discharges itlvesti-

gated by Becker anrl Kunharclt [19,20,21]. Figure 3 slrorvs scliernatic replesel]-

tations of these disc}rarges, The NfHC dischalge in principle is based otr łrolloil'

ca,thocle disclrarges tlrat lrave been known for a }orrg tinre and that are nortrlallr'

operated at low plessure.

By rrsirrg a thin clielectric, sandwiclied betrveen two nleta,l foiis (Fig, 3" top "

ancl b;, rrraking the hole very srna]l (diameter of tlre orcler 0.1 nrnl) stable NIHC'

disclrarge operation can be obtairred at atrltosplreric pressure irl variolrs gases-

Activatiorr by dc, ac or pulsed voltages is possible. Parallel as well as series oper-

ation of NIHC discharges ilas been dernorrstratecl, The non-equilibriurlr natule wa_'

checked by rneasurirrg tłre gas tenrperaturel (aborrt 2000 I{), the electron densitr'
(dc aborrt 1015 crrr-3, drrrilrg silolt prtlses up to 5.1016 crrr-3) and tlre meal} elec-

tron energy (0.5-5 eV), Nrrnrerica1 sitltu}atiotrs 1l1, KuŚ}urer slrow that this discharge
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:e 3. X.llicrohollow catlrode (NIHC), catlrode boundary layer (CBL) and capillary plasma
electrode (CPE) discharge conligrtrations (after K. I{. Sciroenbach [19], K. H. Schoen-
bach [20], E. E. Krinhardt [21]).

, :liany similarities with a glow discharge: a tlrirł localized cathode fall regiorr
_rir fieid strengtlr and a nlodelate gas ternperatule [22]. If both electrodes are

:: r,ated (Fig, 3, top right) a DC NIHC pumps gas tlrrough the rlischarge whiclr
l;e trtilized in plasma cłrenrical syntłresis or pollution contlol. Large numbels
,rallel NIHCs can be produceci in atl elegarlt way if perforated 70 prn thick Al

;, ąl'€ US€d and an alunrina dielectric coating is prepared by anodizing tlre foils
- ,:, oxalic acid solution|n,2Ą. The process can be contro]led to consistently

: _\l2O3 filrns of 10 mm thickness also covering the cylindrical holes. A sand-

' __ uf trł'o such electrodes, tlre upper one witlr round holes of 100 prn dianreter,
L _,]rr,€f one witlr slightly larger holes of 200 pm diameter could be operated
,_. a 5-50 kHz sine voltage oI275 V alnplitude.
The catłrode borndary layer discharge s}rown in the middle part of Fig. 3 uses

' , rically tlre same configuration but a larger round blind hole of about 1,5 rnIn
:::retel. CBL disc}rarges exiribit a varying rrurrrber of bearttifully arranged self-

-..irlized briglrt disclrarge elerrrerrts. Tlreir nturrber atrd configuration depends orr
-. gas utilized, the pressllre, and tlre crrrrent [20].

Capillary plasma, electrode discirarges lral,e lrrarry similarities wit}r conventiorral
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DBDs, As irrdicated irr the lorł,el section of Fig. 3 one of t}re clielectrics }ras

trratl1- parallel thirl capillar1. cltaturels. Under certain conditions a rrovel rnode of

opelatiotr is obserr,,ed, \\,'lren tlre frequetrcy is raised above a few kHz tiny capillarr-
plasttta jets errrerge frotn tlre capillary ]roles. They overlap and merge to fbrn a

r-olrtrrre disc}rarge wit]r electron densities by orclers of rnagnitude higłler thetr t}rose

ołlserr.ed irr t]te diffrrse DBD nrode. Tlre disclralge carr be operated also with botlr

dieiectrics perforated or even as a dc discharge. For clc operation the perforateci

dielectric plate is on the catirode side arid tłre upper die]ectric is rerrroved. Eacłr

of tlre lroles acts as a currel}t linriting rnicro-clranlrel tlrat prevents tlre overall

crtllerrt density frorn increasing above the threslrolcl for the glow-to-arc transitiorr.

\\-it}r respect to plasnra clrernical applications the capiilary holes can be used a_r

ilrput clratrtre]s for t}re gas to be treated [25]. Au alternative approach for nass
production of a large tlrimber of spatially confined microplasrnas is t]re utilization
of available silicorr rrricronraclrirring teclrnologies 126,27]. Different openings u,ere

etclred into a Si wafer, (Fig. a) using either dry or wet etching techniques. T}re

Figure 4. Si basecl microcavity plasma devices (after W. Frame [26], ,]. Chen [27]).

area of tlre inverted p},ratttid,s (left section) for exanrple is 50 x 50 prn2 or 100 >

100 prrr2, more recerrtly dowrr to 10 x l0 slttt2. A nrajor breł,rkthrouglr concerning
tlre life expectattcy of tlrese devices u,as aclrieved, wlren tlre w]tole structure rł,as

covered with an additional SisNą lal,ę1 o1 2 1 pllt tlrickness arid the device wa-,

operated like a DBD with a 5_15 kHz silre voltage of about 200 Wm". Paralie]

operation of several thousand discharges rvith a packing cierrsity of 10a cnr-2 ]ra-.

been demotrstrated.
An alternative way to produce a large rrunrber of parallel nricloplasnras (Fig. 5

was ploposed by the group around K. Taclribarra. Urriversit). of Kvoto, Japatr [2B.Xł
They use a nretal ttresłr of 250 prn tlrickrless cotrtaining sntall rectangular openings

500 x 2000 1.n?. The structtrre is coatecl u-ith a 150 prn thick Ai2O3 dielectric
lal,e1 5u plasrna spraying. Tlvo itl-.ulatecl _\1 electrodes are nrounted back to back

with operrings aligned so tlrat a DBD catr łle irritiated between the plates alorrg

W W:vą
liii 

=__J1 00 pnl
-'@-

ra:a::.:::a::.-..

Nts'.l !;ł_ruą*d,d
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i;. : Irrtegrated coaxial-hollolł, rrricro dielectric-barrier discharges (after K. Tacłribana [28]
and O. Sakai [29]).

, -:.ller Surf'aces of the openings (Fig. 5). Bipolar rectanguiar voltage prrlses of
" , ,1ruation ancl 20 kHz repetition frequency are used to drive the discharges.
"-r,-:t. it is no problenr to have sinrultaneous discharges in a large nuillbel of tlrese
", -,il}$ular openitrgs in an electI,ode set of 5 cnl dianreter. At atmosplieric pres-
,,". the tlrininrum firing voltage was 500 V in He or 1200 V in N2. The arrou,s in

; . j irrdicate that a gas flow can be forced through tlre apertures, whiclr turns
, ievice into a rnrrltitude of plasrnacltetnical nricroreactors.

i Future prospects
- ,- Prollounced interest in atmospheric-pressLire non-equilibriunt disclrarges is
,l",,,-] 91 tlre Prospect to perforrn plasnra processes ttonrraily rtrn a,t low pressrtre

i",:_tlut tlre need for expensive vaculll}l equipment and possibly also at a muc}r
,.-.r' rate, Anotlrer incentive is tlre risirrg interest in processes that inhererltly
'' 'lire lrigh Pressure non-equilibriurn plasnras, for example processes based on

---.e-bodY reactions like ozone or excitner forrna,tiotl. Corotla discharges supplied
lc voltages use the stabilization by clra,rges accurrrttlated in tłre active ioniza-

:- region to stay irr the state of partial breakdorvn and preveltt spark fornration.
, ::lanY aPplicatiorrs tlris is a ratlrer delicate state. Witlr rnoderrr sernicorrdrrctor
" :llrology the safe operating range of corona discharges corrld be considerably ex-
,. ied eit}ler by controiling the current or bv applying short lrigh voltage pulses.' 3Ds, always using alternating srrpply voltages. restrict the anrount of cłrarge

, ,,t can be passed per half cyc]e and thus automatically prevent spark or arc
::tration. Depending on t}re specific applicatiorr DBDs are operated with dis-

,-:-I$e $aPS in t]re range of 0.1 lnn to sel.eral cur atrd freqrtencies ranging fi,om

1650 ttm
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line fi,eclttetlL,\, tll se\-erai GHz. \Iarry irrdustrial applications now use reliable and

effic.iettt sii-itclt rrrocie porr-er strpplies operating between l kHz and 500 kHz, Tlr"
sc>c.a}lecl corul}a treatnler}t of plastic parts and poiynrel foils, }iistorically first trieC

rlut rr-it}t corolla clisclrarges ttsing u,ire or knife edge electrodes. today is invari-

al;h- carried ottt itr DBDs using cerarrric tube electrcldes. This plasma treatrrrenl

of polr-trrer srtrfaces is required to inlprove acl}resion, wettabilitv, printability br"

itrcorporatitrg fitrrctiotral grorrps in tlre surface layer. It is done orr a very large

scaie rr-itlr rriacliitres treating polymer foils of 10 nr wicltlr at a speed of 100 rn7'min"

\Iclre recent applications of t}ris teclrnoiogy itrclucle tlre treatrrrent of wool, otlrer

fiłlres arrcl fabrics. In laboratory expet,irrrents a}so powders have beeti treated.

Orre of the tnailr arlvantages of dielectric-barrier clischarges is that electrodels-
svsteu]s carr be designed in wliic}r no metal parts are exposed to t}re discharge

plastrra. Tlre dielectrics trsed, e. g. glass, fr_rse<] silica, enatnel, Al2O3, Si3Na, are

resistant to sputtering and have very long life expectancies. This adł,arrtage is

used in excirnel iarnps, rrrercrrry-free excinrer based fluorescetrt larrlps, in plasrrra

display panels and in l}}any nricrocavity plasnra devices.

The fast recent progless in tlre coŃrol of atrrrosplrelic-pressure micropla,sma"

suggests a rtumber of novel applications for exarnple fbr selective surface rnodi,

fication, cleaning, etchirrg, printing arrd depositiorr, Tlreir use for spectroscopit

arralysis and biorrredical diagnostics has been suggested. The snrall size allolr:
on-c}rip clrenlical arralysis atrd incorporation in rniniaturized total analytical s1-
terlrs (p-TAS). A nunrber of investigatiorrs have also concerrtrated on tlre use of

11}i( foplasn}as as nricroreactors for gas płrase clremistry, synthesis as well as po}-

lution abatement atrd odour control. Large plarra,r arrays of microplamas can

sel,ve as plasrna electrodes to procluce difłuse non-eqrrlibrittm volurrre discharge*

at attrrospheric pressure. Usirrg recerrt aclł,ances irr the contlol of nricroplasnra.

ancl progless in rnicrornachining and DBD excitation, glow discharges in catalyst-

coated rrricroclrannels can be alternated with integrated coolilrg channels and tlrus

create the possibility to cornbine microreactor teclrnology with non-equilibliulu
plasma clremistry and catalysis [30].

Received 20 Noveniber 2006
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