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Podékovani

Dékuji kolegim, ktefi okolo mne vytvorili tviréi a pratelské prostiedi. Dékuji také ro-
diné, na prvnim misté manzelce Katce, pratelim a blizkym, ktefi obohacuji muj zivot
a v mnohém mé podpofili. Nejvétsi dik bych rad vyjadril Bohu za vse.






Abstrakt

Predlozena habilita¢ni prace shrnuje vysledky ziskané v oboru fyzika plazmatu zejména
pomoci diagnostiky plazmatu, ktera ale byla v nékterych pripadech provazana s modelo-
vanim piislusného vyboje. Prace se omezuje na dvé hlavni témata mého vyzkumu a to na
fluorescen¢ni diagnostiku vyboji buzenych za atmosférického tlaku a na projevy neline-
arnich elektrickych vlastnosti kapacitné vazanych vyboju. Na poli fluorescenénich mérent
se podarilo metodu rozvinout tak, ze umoznila napf. i méfeni jednoatomovych radikala
vodiku v povrchovych vybojich, které kladou diagnostice nejednu prekazku. S takovouto
medotou jsme pak mohli zjistit chovani riznych reaktivnich radikali v dielektrickych
bariérovych vybojich, potvrdit roli radikalovych reakci v tzv. atomizatorech (zafizenich
pouzivanych v analytické chemii), ziskat mapy rozloZeni rotacnich stavi v plazmatu nebo
najit vztah mezi michdnim plynt a koncentraci radikali v atomosférickych plazmovych
tryskach. Na poli kapacitnich vyboji se podafilo postoupit v sondové diagnostice vy-
sokofrekvencnich slozek potencidlu plazmatu, vytvorit teoreticky model popisujici vznik
vyssich harmonickych frekvenci a tyto frekvence vyuzit k citlivému monitorovani depo-
zi¢nich procest.
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Abstract

This habilitation work summarizes results obtained in the field of plasma physics, na-
mely by means of plasma diagnostics, that was in some cases combined with modelling
of examined discharge. The work is restricted to the two main fields of my research: to
the laser-induced fluorescence (LIF) of discharges ignited at atmospheric pressure and
to the nonlinear electric properties of capacitively coupled discharges. The LIF method
was developed so that we were able e.g. to measure the concentration of atomic hydrogen
radicals in surface discharges, that present a challenge for any laser-based diagnostics.
With such a tool we were able to discover behaviour of reactive radical species in various
dielectric barrier discharges, confirm the role of radical reactions in so-called atomizers
(devices used in analytical chemistry), obtain maps of the distribution function of ro-
tational states in plasmas or find the relation between gas mixing and concentration of
radicals in atmospheric-pressure plasma jets. In the field of capacitively coupled dischar-
ges a progress was made of probe diagnostics of high-frequency components of plasma
potential, a theoretical model was developed that describes the generation of higher har-
monic frequencies of discharge current and voltages and these higher harmonics were used
for sensitive monitoring of deposition processes.
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Kapitola 1

Uvod

Neizotermické nizkoteplotni plazma je nerovnovazny stav latky, ve kterém probiha pestra
paleta fyzikalnich a chemickych procestu. VétSina z nich je iniciované elektrony, které
v elektrickém poli vlozeném na plazma zvencéi mohou ziskat vysokou energii a tu pak
vyuzit k ionizaci pritomnych atomu a molekul, jejich disociaci ¢i excitaci. V plazmatu pak
existuje mnozstvi reaktivnich Céstic, jejichZz doby Zivota sahaji od desitek pikosekund pro
rychle zhaSené excitované ¢astice po naptiklad sekundy u nékterych metastabilnich ¢astic,
a fotonu vcetné agresivniho hlubokého UV zéafeni. Pripoc¢teme-li k rozmanitosti Géstic
v plazmatu je$té zna¢nou nehomogenitu nékterych vyboji, jejich rychly casovy vyvoj
na urovni piko- a nanosekund a skutecnost, Ze zaroven muze probihat nékolik riznych
mechanizmii dodavani energie do plazmatu, dostaviame pestrou podivanou na pomérné
slozité prostiedi. Moje prace se snazi prispét k popsani a pochopeni tohoto prostiedi,
zejména prostiednictvim diagnostiky plazmatu, misty také pomoci teoretického modelu.

Prace je délena na dveé nezéavislé ¢asti. Prvni se vénuje elektrickym vlastnostem kapa-
citnich vyboju s dirazem na jejich nelinearni charakter projevujici se generovanim vyssich
harmonickych frekvenci napéti a proudu. Druhé ¢ast studuje plazma atmosférickych vy-
boji pomoci fluorescen¢nich méreni. Dalsi témata, jako napf. problematika diftzniho
a-rezimu kapacitnich vyboju iniciovanych za atmosférického tlaku [1, 2], diagnostika HI-
PIMS vyboje [3], méfeni Langmuirovou sondou v kapacitnim vyboji [4], spektroskopicka
analyza fotochemickych problému [5, 6], fluorescencni studium plamene, starsi témata
vyzkumu a témata vzdalena od fyziky plazmatu nejsou v praci obsazena.

Préace je psana formou komentare vybranych ¢lankta. Vsechny dilezitéjsi vlastni pu-
blikace, které jsou v habilita¢ni préci citovany, jsou prilozeny. Proto je jejich komentar
struény a jen obcas je dokumentovan obrazové — piislusné podrobnosti a grafy lze najit
v prilohéch. Obrazky proto jen volné doprovazeji text, ktery se odkazuje pouze na pii-
slusné publikace. V textu jsem se snazil dat jednotlivé publikace do souvislosti a nékdy
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ukazat cesty, kterymi se nas vyzkum ubiral. Proto obcas zminuji i nékteré z aktualné
feSenych problému, které se popisované problematiky tykaji, i kdyz jesté nebyly dotazeny
k prijaté publikaci.

Samoziejmé jsem spolupracoval s mnoha kolegy, jejichz jména jsou vétsinou uvedena
v autorstvi jednotlivych publikaci. Zde zminime alespon Jana Vorace, Vojtécha Prochézku,
Martinu Mrkvickovou a Marka Taldbu, s nimiz jsme spole¢né realizovali fluorescenéni meé-
feni, Petra Vasinu, se kterym jsme detekovali vyssi harmonické frekvence v reaktivnim
magnetronovém naprasovani, Vilmu Bursikovou a Radka Zemlitku, se kterymi jsem sle-
doval tyto harmoniky pii PECVD, Adama Obrusnika, jenz naSe fluorescen¢ni méreni
doplnil modely, skupinu Jiftho Dédiny z Ustavu analytické chemie, ktera nejen inicio-
vala vyzkum atomizatort, nebo Jozefa Réhela, jednoho z hybateli méfeni v koplanarnim
DBD. Ke jmenovanym ale patiif mnoho dalsich, jejichz pfinosu si jsem védomy a bez kte-
rych by uplynulé roky byly chudsi. Radu z jmenovanych i nejmenovanych jsem v minulych
letech vedl pii jejich bakalatskych, magisterskych nebo doktorskych pracich. V textu se
zaméiuji na vysledky, na kterych jsem se pifmo podilel, i kdyz nékdy bylo potieba okra-
jové zminit souvislost s praci kolegii a leckdy, zejména v pripadé vedenych studentskych
praci, neni mozné nékteré zasluhy striktné rozdélit.

Pteji prijemné ¢tendi.



Kapitola 2

Nelinearni elektrické vlastnosti
kapacitnich vyboji

2.1 Uvod do problematiky

V uplynulych letech se nase znalosti o kapacitnich vybojich témér skokoveé prohloubily.
Diky dostupné diagnostické technice i pokroku teoretického modelovani jsme ziskali napf.
mnohem presnéjsi obraz o zptusobech dodavéani energie do vyboje. Novym rozmérem fyziky
kapacitnich vyboji, ktery byl vytazen na svétlo, je pritomnost necekané silnych slozek
napéti a proudi s frekvencemi nékolikanasobné vyssimi nez je frekvence napéti dodavana
do plazmatu z vnéjsiho zdroje. Tyto plazmatem spontdnné generované signaly zpestiuji
pohled na kapacitni vyboje, ovliviuji plazma a mohou byt s prekvapivou citlivosti vyuzity
i pro diagnostické ucely. Pojdme si ale nejdiiv shrnout nékteré charakteristiky kapacitnich
vyboj.

O vysokofrekven¢nim kapacitné vazaném vyboji mluvime tehdy, kdyz frekvence elektric-
kého pole budiciho vyboj je podstatné nizsi nez plazmova frekvence elektront v plazmatu,
ale vySsi nez plazmovéa frekvence iontu. Zatimco elektrony tedy stihaji reagovat na vf.
elektrické pole, prumérné rychlost iontt uvnitf plazmatu je malé a ionty ziskévaji vyssi
kinetickou energii jen na rozhrani mezi plazmatem a elektrodami. U vf. kapacitniho vyboje
také ocekavame, ze vzdéalenost elektrod nebo charakteristické délka plazmatu je podstatné
mensi nez vlinova délka elektrického pole. Aby §lo o kapacitni vyboj, musi mit dominantni
vliv elektrické pole vytvorené prfimo napétim mezi elektrodami, narozdil od induktivniho
vyboje, kde dominuje vliv elektrického pole indukovaného zménou magnetického pole.

Oblast kapacitné vazaného vyboje muzeme rozdélit na vlastni plazma a sténové vrstvy
kladného prostorového naboje, které vlastni plazma oddéluji od povrchu predméti, jez
jsou v kontaktu s plazmatem, zejména elektrod. Diky prostorovému naboji mélo po-
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hyblivych iontd je uvniti sténovych vrstev silné stejnosmérné elektrické pole. Zatimco
z hlediska elektrickych vlastnosti mé vlastni plazma induktivni charakter, sténové vrstvy
vykazuji kapacitni a, protoze jejich tloustka se ve vysokofrekven¢nim elektrickém poli
rychle méni, silné nelinearni charakter [7]. Nelinearita sténovych vrstev se projevuje
zejména tvorbou vyssich harmonickych frekvenci napéti a proudu |7, 8|. Za nizkého tlaku
nejsou vzniklé oscilace prilis tlumeny srazkami elektrond s neutralnimi ¢asticemi a jejich
amplitudy mohou dosahovat vysokych hodnot, dokonce mohou prertst pies amplitudu
zékladni frekvence dodavané z vf. generatoru [9, 10, 11|. Amplituda buzenych oscilaci
mize byt velkd zejména tehdy, kdyz jejich frekvence lezi blizko frekvence tzv. sériové
rezonance plazmatu, pii které je induktivni plazma v rezonanci s kapacitnimi sténovymi
vrstvami [12]. V1iv na sériovou rezonanci maji i dalsi ¢asti vf. obvodu [13, 14]. Protoze
zékladni vlastnosti kapacitnich vyboji v¢. koncentrace elektront jsou silné zavislé na
frekvenci elektrického pole [15, 16|, miZe mit pFitomnost vybuzenych oscilaci velky vliv
na charakter plazmatu.

I opa¢né plati, ze parametry plazmatu maji velky vliv na chovani vyssich harmonic-
kych frekvenci. VySe uvedeny text uz naznacil, Ze jejich chovani zavisi na tlaku, koncen-
traci elektronu a srazkové frekvenci elektront [17, 9, 12|. Dalsimi dulezitymi parametry
pusobicimi na vyssi harmoniky jsou napéti na sténovych vrstvach [7, 14|, nesymetrie vy-
boje, pozice ve vybojovém reaktoru a vzdalenost mezi elektrodami [12, 18]. Amplitudy
vysSich harmonik ovSem zéaviseji na elektrickych vlastnostech celého vf. obvodu, véetné
usporadéni prizpusobovaciho ¢lenu [19, 14| a impedance reaktoru s plazmatem [20]. Jejich
chovani proto mize byt znacné komplikované. Protoze vSak vyssi harmonické frekvence
mohou citlivé reagovat i na drobné zmény plazmatu vcéetné vzniku deponované vrstvy
na nékteré z elektrod [20, 21, 22| nebo vzniku prachu v objemu plazmatu [23, 24|, jsou
vhodnym nastrojem pro monitorovani praktickych plazmovych procesii, jak bude vice
popséano v kpt. 2.3.

Prestoze vyssi harmonické frekvence mohou silné ovliviiovat plazma kapacitnich vy-
boju a jsou citlivym nastrojem pro diagnostiku a monitorovani plazmatu, staly dlouho
na okraji zajmu védecké komunity. Nedostatecna pozornost se vénuje jak jejich méfeni,
zejména potiebné sondové diagnostice uvnitt plazmatu, tak i teoretickému modelovani.
Nasledujici kapitoly shrnuji pokroky u¢inéné na poli elektrickych vlastnosti a nelinearity
kapacitnich vyboji na nasem pracovisti v poslednich nékolika letech.

2.2 Sondova diagnostika

Ackoli elektrické vlastnosti plazmatu lze méfit na ruznych ¢astech reaktoru a pritom-
nost vyssich harmonickych frekvenci byla sledovana na ptivodu vf. napéti |20, 26, 27|
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Obr. 2.1: Priklad jedné periody potencidlu Obr. 2.2: Pribéh potencidlu plazmatu be-

plazmatu spolu s pribéhem napéti vysoko- hem jedné periody kapacitniho vijboje inici-
a nizko-tmpedancni sondy. Napéti nizkoim- ovaného v dusiku za ctyrech rizniych tlaki.
pedancni sondy je v obrdzku 20x zvétseno. Publikovdno v [25].

Publikovdno v [25].

a na proudu tekoucim segmentem stény reaktoru [17] nebo zemnénou elektrodou [27], vy-
sadni postaveni maji sondova méfeni |27, 11, 28|, ktera jedind umoznuji relativné piima
a prostorové rozlisend méfeni potencidlu plazmatu. Nicméné i okolo sondy ponofené do
plazmatu vznika tenké sténova vrstva prostorového naboje, ktera oddéluje sondu od plaz-
matu, coz znemoziuje skuteéné piimé méreni potencialu plazmatu. Vysokofrekvenéni
vlastnosti této sténové vrstvy neni jednoduché presné urcit, navic mé tato vrstva obecné
opét nelinearni charakter. Snad pravé pritomnost sténové vrstvy okolo sondy zptsobila,
ze zatimco stejnosmérna slozka potencialu plazmatu je rutinné méfena pomoci kompen-
zované Langmuirovy sondy, vysokofrekvenc¢ni prubéh potencidlu plazmatu métilo jen par
autori |28, 27, 11], prestoze vf. slozky potencialu plazmatu maji minimalné stejny vyznam
pro fyziku vf. vyboju jako slozka stejnosmérné.

Predchozi autofi se snazili omezit vliv sténové vrstvy okolo sondy minimalizaci vf.
proudu tekouciho sondou a aby byli schopni vyhodnotit vliv vrstvy na méfeni, modelovali
jeji chovani jednoduchym kondenzéatorem. Tloustku vrstvy a tedy i jeji kapacitu odhadli
pomoci Child-Langmuirova zakona [28] nebo pomoci srovnani méfeni se zatizenou a ne-
zatiZenou sondou [27]. Protoze skute¢né chovani sténové vrstvy je znacné pestiejsi, vénuji
se nasledujici odstavce rozvoji sondové metody méreni vf. slozek potencidlu plazmatu v¢.
jeho vyssich harmonickych frekvenci.

Prvni nekompenzovana sonda pro méfeni ¢asového pribéhu potencialu plazmatu, kte-
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rou jsem sestrojil, sledovala technicky nejjednodussi feseni. Slo prakticky o Castecné sti-
nény dratek, ktery byl vné reaktoru, tésné za vakuovou prichodkou, pfipojen na pade-
satiohmovy koaxialni kabel [29]. Pro omezeni proudu tekouciho na sondu byl koaxialni
kabel pripojen k osciloskopu se vstupnim odporem 1 Mf). Na spojeni dratu s koaxialnim
kabelem a zejména na vstupu osciloskopu dochézelo samoziejmé k odraztim vf. signalu,
a proto byla provedena kalibrace vlastni sondy, jejimz vystupem byla kaskadni matice
popisujici prenos signalu sondou. VSechny prvky matice byly frekvencéné zéavislé. Tento
postup byl sice funkéni, ale vyzadoval méreni kaskadni matice sondy pro mnoho frekvenci,
coz ovsem pridava zdroje neurcitosti vysledki.

Rozhodl jsem se proto pro alternativni postup, kdy jsem neomezoval proud tekouci
sondou, ale minimalizoval rozdil mezi pribéhem napéti na hrotu a vystupu sondy a prede-
v§im jsem se pokusil realisticky modelovat chovani sténové vrstvy okolo sondy. Konstrukce
nové sondy, model sténové vrstvy i test metody jsou posany v [11|. Zde struéné shrnu,
ze sonda byla tvorena koaxialnim kabelem uvniti vakuového vedeni, jehoz jedno vlakno
centralniho vodice presahovalo vakuové vedeni a tvofilo vlastni valcovou sondu zanofe-
nou do plazmatu. Druhy konec koaxidlniho kabelu byl pfiveden na vstup osciloskopu,
tentokrat s prizptusobenym vstupnim odporem. Bylo otestovano, Ze prubéh vf. napéti na
hrotu a na vystupu sondy jsou prakticky identickeé.

vvov

zalozeny na nasledujicich predpokladech:

e Elektricky proud vrstvou je slozen z proudu neseného elektrony, konstantniho ion-
tového proudu a Maxwellova posuvného proudu.

e Maxwelliv posuvny proud (I;) lze popsat pomoci efektivni toustky sténové vrstvy:

S ds
I;=en—s—, 2.1
¢ rp, dt (2.1)
kde e je elementarni nédboj, n koncentrace elektront, S plocha povrchu sondy, r,
polomér sondy, s vzdalenost vnéjsi hranice sténové vrstvy od osy sondy a t je cas.

e Napéti na sténové vrstve lze spocitat pomoci efektivni tloustky sténové vrstvy vzta-
hem
en s
U=-— (28In— — s +72 ), (2.2)
e Tp P
kde ¢ je permitivita vakua. Tento vztah odpovidé napéti na valcové sténové vrstve
s tloustkou s — r, a konstantni hustotou naboje ne.
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Aby stfedni tloustka sténové vrstvy a tim i stejnosmérné napéti na vrstvé byly urceny
dobfe, byla stejnosmérna slozka potencialu plazmatu zmérena vysokofrekvenéné kompen-
zovanou Langmuirovou sondou. Model sténové vrstvy okolo sondy byl pak feSen s poza-
davky, aby stfedni hodnota spoc¢itaného potencialu plazmatu odpovidala hodnoté zmé-
fené Langmuirovou sondou a aby ¢asovy prubéh potencidlu plazmatu byl periodicky.
Takovyto model jiz realisticky popsal chovani sténové vrstvy, jejiz tloustka se béhem
periody vf. napéti radikdlné meéni, a umoznil tak z méreného pribéhu napéti na sondé
vérohodné spocitat pribéh potencidlu plazmatu.

Test vérohodnosti metody byl proveden tak, Ze na sondu bylo pfivedeno externi za-
porné stejnosmérné napéti v rozsahu od 0 do -40V a pribéh potencidlu plazmatu byl
zméfen pro nékolik riznych predpéti sondy. SniZzenim stejnosmérného napéti sondy bylo
dosazeno zvétSeni tloustky sténové vrstvy okolo sondy a bylo moZzné testovat, zda tato
rizna méreni poskytnou stejné pribéhy potencialu plazmatu. Prestoze pii tomto testu
byla ndsobné zvétsena tloustka sténové vrstvy, byly ziskané pribéhy potencidlu plazmatu
v dobré vzajemné shodé.

Realizovand méreni potvrdila, Ze potencial plazmatu kapacitniho vyboje obsahuje
vysoky podil vyssich harmonickych frekvenci, jejichz amplituda miize byt za tlaku néko-
lika pascalt srovnatelnéd s amplitudou zakladni frekvence dodavané z vysokofrekvencéniho
generatoru. Oscilace plazmatu na frekvenci sériové rezonance, jez jsou predevsim zodpo-
védné za vznik vySich harmonik, byly vybuzeny zejména béhem expanze sténové vrstvy
u buzené elektrody. Ukéazalo se také, ze vybojovy proud je silné korelovan s napétim
méfenym sestrojenou nizkoimpedanéni (50 €2) sondou.

Ze studovanych zavislosti amplitudy vyssich harmonik na parametrech plazmatu byly
dva piiklady uvefejnény v [30]. Zavislost na tlaku a na slozeni plynu byla pouzita k demon-
straci vlivu koncentrace elektronti na vyssi harmoniky. Na jedné strané jsem pozoroval
rezonancni zesileni nékterych harmonik v souladu s teorii, chovani jinych harmonik ale
nebylo mozné vysvétlit jejich zesilenim pii sériové rezonanci plazmatu. Pro vysvétleni je
zde potieba pouzit i vzajemnou vazbu vyssich harmonickych frekvenci, kterou popisuje
model uvedeny v kpt. 2.4.

Jako priklad studovanych zavislosti vyssich harmonik na parametrech vybojové apara-
tury uvedme zavislosti na nastaveni pfizptisobovaciho ¢lenu [14]. Pti zméné jeho nastavni
se sice muze ménit hodnota frekvence sériové rezonance plazmatu, dominantni vliv na
vyssi harmonické frekvence ale v pouzitém experimentalnim usporadani méla skutecnost,
ze rozladéni prizpusobovaciho ¢lenu snizuje velikost napéti na sténové vrstvé u buzené
elektrody. Toto pozorovani ve shodé s teoretickym modelem popsanym v kpt. 2.4 ika,
Ze stejnosmérné napéti (a zaroven amplituda zakladni harmoniky) na sténové vrstvé je
jednou z klicovych veli¢in fidicich vy8si harmoniky.
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Sestavend nekompenzovanéd sonda s nizkou impedanci a analyza jejiho chovani po-
moci zminéného modelu sténové vrstvy sice prinesly vérohodna data a byly tspésné po-
uzity pro diagnostiku a monitorovani plazmatu, nicméné zietelné existoval prostor pro
dalsi zpresnéni metody, a to kombinace sestaveného modelu sténové vrstvy s vysokoim-
pedanéni sondou, kterd minimalizuje vf. proud tekouci na sondu. Proto byla sestavena
nekompenzovanéa sonda s nizkou kapacitou viéi zemi (0.9 pF), jejiz napéti bylo méfeno
vysokoimpedané¢ni (3 pF, 10%Q) vstupni sondou rychlého osciloskopu a napéti na této
sondé bylo analyzovano pomoci modelu (2.1)—(2.2) [25].

Sestavena vysokoimpedan¢ni nekompenzovana sonda opét tspésné prosla testem za-
loZenym na méreni priubéhu potencialu plazmatu pii riznych stejnosmérnych predpétich
sondy, navic obstala i v podobném testu, pfi kterém byla zatizena dodate¢nym konden-
zatorem. Analyza nové sondy [25] také uvadi rozbor citlivosti sondy na hodnoty vstup-
nich parametri (stfedni hodnota potencialu plazmatu, koncentrace a teplota elektront).
Ukézalo se, ze pro priblizna méfeni lze sondu pouzit dokonce i bez znalosti uvedenych
vstupnich parametri, nebot zadpornym piedpétim sondy lze vyloucit vlit teploty elektront
na méfeni, stfedni hodnotu potencialu plazmatu je mozné odhadnout i pomoci této ne-
kompenzované sondy a citlivost metody na hodnotu koncentrace elektronii je mala. Nova
metoda byla déle srovnéana se starsimi metodami zalozenymi bud na aproximaci sténové
vrstvy okolo sondy kondenzéatorem [27, 28| nebo na pouZiti nizkoimpedanéni sondy [11].
Prestoze starsi metody ¢asto davaly podobné vysledky jako popisovana nova metoda, byly
v nékterych pripadech pozorovany i podstatné odchylky starsich metod od vysledku vé-
rohodnéjsi nové metody, takze pro méreni pribéhu potencialu plazmatu lze jednoznacné
doporuéit popsanou novou metodu.

V zavéru prace [25] byla nekompenzovana sonda vyuzita k méfeni priabéhu potencialu
plazmatu v kapacitnich vybojich zapalovanych v riznych plynech (Ar, No, Oo, Hy) a za
riznych vybojovych podminek. V souladu s teorii a s pfedchozim textem bylo pozorovano,
7e potencial plazmatu obsahuje znac¢ny podil vyssich harmonickych frekvenci, které citlivé
reaguji na hodnotu koncentrace elektronti a které dosahuji vysokych amplitud zejména za
nizkého tlaku, vysoké koncentrace elektront a pii dosazeni sériové rezonance plazmatu.

Dalsi logicky krok ve vyvoji nekompenzovanych sond je zobecnéni modelu sténové
vrstvy okolo sondy tak, aby vérohodné popsala i situace, kdy sténovéa vrstva kolabuje
a potencial sondy se (kratkodobé) dostane nad potencial plazmatu. Lze o¢ekavat, Ze s ta-
kovymto modelem bude mozno nekompenzovanou sondu vyuzit i k méfeni koncentrace
a teploty elektronii, tedy veli¢in, které jsou doposud méreny vysokofrekvenéné kompenzo-
vanymi Langmuirovymi sondami. Elektrické pole okolo valcové sondy jsme proto popsali
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kde ¢ je potencial v okoli sondy, ¢,; aktudlni potenciél plazmatu, r vzdélenost od osy
sondy a T, teplota elektronti. Tuto rovnici jsme spolu s Jurajem Palenikem numericky
vytesili a pouzili pfi zpracovani méfenych dat [31]. Méfeni, pti kterych byl potencial sondy
vzdy pod potencidlem plazmatu, podle ocekédvani potvrdila platnost pfedchozi metody
popsané vyse. Podrobné analyza méreni realizovanych i pro vyssi potencialy sondy véetné
testovani moznosti urcit napf. teplotu nebo koncentraci elektronti je ale teprve pred nami.

Analogické nekompenzované sondy jsme dale pouzili pfi monitorovani depozi¢nich
a leptacich procesi. Hlavnim vysledktiim této oblasti se vénuje nasledujici kpt. 2.3.

2.3 Vyssi harmonické frekvence v depozic¢nich a lepta-
cich procesech

Protoze vyssi harmonické frekvence generované plazmatem citlivé reaguji i na drobné
zmény v plazmatu, mohou byt vhodnym nastrojem pro monitorovani depozicnich a lepta-
cich procest. Je zndmo, ze amplitudy nékterych vyssich harmonik se mohou vyrazné zmé-
nit pii odleptani tenké vrstvy pfitomné na elektrodé, a proto je mozné vyssi harmoniky
pouzit k detekei konce leptaciho procesu |20, 21]. Divod pro reakei na tak malou zménu
vybojovych podminek ale nebyl jasny.

Protoze pii leptacim procesu mé pritomnost vrstvy vliv na vyssi harmonické frek-
vence, rozhodli jsme se vyzkouset, jestli je mozné vyssi harmoniky pouzit na monitoro-
vani jiného procesu, a to vysokofrekvencéniho reaktivniho magnetronového napraSovani.
Magnetronové naprasovani je zalozeno na rozprasovani a nasledné depozici materialu elek-
trody (terce) energetickymi ionty extrahovanymi z plazmatu hoficiho v magentickém poli,
vétsinou v argonu. Pri reaktivnim magnetronovém napraSovani se do aparatury pridava
i reaktivni plyn, napt. dusik nebo kyslik, ktery reaguje s materidlem rostouci vrstvy a vy-
tvari napt. nitridy nebo oxidy. Reaktivni plyn ovSsem nereaguje pouze s rostouci vrstvou,
ale i s materidlem terce. Je-li koncentrace reaktivniho plynu mala, stitha se povrch terce
Cistit rozprasovanim a proces bézi v tzv. kovovém rezimu. Pti vySsi koncentraci reaktiv-
niho plynu se ale projevi skutecnost, ze vzniklé slouceniny se zpravidla rozprasuji pomaleji
nez ¢isty material terce. Vznik slouceniny na terci tedy vede ke snizeni rozprasovaci, a tim
i depozi¢ni rychlosti. Pomaleji rostouci vrstva ovsem spotiebuje mensi mnozstvi reaktiv-
niho plynu, takze parcialni tlak reaktivniho plynu vzroste a s nim i rychlost jeho reakce
s povrchem terce. Tato kladna zpétna vazba vede ke skokovému otraveni povrchu terce
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Obr. 2.3: Vyvoy amplitudy druhé a osmé harmoniky vybojového napéti béhem ristu
a leptdni tenké DLC vrstvy. Depozice zacala v desdté minuté priddnim metanu do vo-
dikového vyboje a skoncila ve ctyricdté minuté zastavenim metanu. Od ctyricdté do pri-
blizné 56-té minuty dochdzelo k leptdni vrstvy. Priddni a zastaveni metanu se projevilo
prakticky skokovou zmeénou mérenych amplitud diky zmeéné tlaku a sloZent plynu. Reakce
na vznik a zdnik vrstvy jsou vidét od desdté do patndcté a od padesdté do 56-t€ minuty.
Publikovdno v [22].

slouc¢eninou reaktivniho plynu, sniZzeni depozi¢ni rychlosti a zméné slozeni deponované
vrstvy. Tento skok mé hysterezni charakter a otraveni terce ma proto podstatny vliv na
dalsi prubéh depozice. Protoze kvalitni materidly s pozadovanou stechiometrii vznikaji
¢asto za podminek blizkych prechodu mezi kovovym a otravenym rezimem, nebo dokonce
uvnitt hysterezni kiivky pfechodu, vyzaduje tento depozi¢ni proces citlivé monitorovani.

Chovani vyssich harmonickych frekvenci jsme studovali ve vf. reaktivnim magnetro-
novém naprasovani oxida a nitridi titanu. Do argonového vyboje zapéaleného v blizkosti
titanového terce jsme pripoustéli dusik nebo kyslik a kromé tlaku plynu, intenzity vy-
branych spektralnich ¢ar a stejnosmérného predpéti na terci jsme sledovali i amplitudy
jednotlivych frekven¢énich komponent napéti na jednoduché valcové sondé vlozené do plaz-
matu a na vedeni k rozprasovanému ter¢i, ktery byl zaroven zivou elektrodou vyboje [32].

Na napéti terce i sondy jsme skutecné pozorovali pritomnost vyssich harmonickych
frekvenci, velkych amplitud dosahovaly zejména na sondé. Vétsina vyssich harmonik pri
prechodu mezi kovovym a otravenym rezimem vyboje zietelné ménila svoji amplitudu.
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Zatimco stejnosmérné predpéti terce, které se tradicné pouziva k monitorovani procesu,
se pfi prechodu ménilo jen o nékolik procent, amplitudy nékterych vyssich harmonickych
frekvenci se ménily dokonce o stovky procent. Amplitudy vyssich harmonickych frekvenci

se tedy staly nejcitlivéjsi znamou elektrickou metodou monitorovani stavu vf. reaktivniho
magnetronového naprasovani.

S objevem této nové metody monitorovani se ovSem vynortila otazka, na co konkrétné
vyssi harmonické frekvence reaguji. V uvahu pripadaly dvé pri¢iny: Bud je chovéani har-
monik zptsobené zménou slozeni a celkového tlaku plynu pifi prechodu mezi kovovym
a otravenym rezimem, nebo zménou slozeni povrchu tercée. Oba jmenované faktory by
mohly hrat roli. Zména slozeni plynu byva provéazena zménou koncentrace a srazkové
frekvence elektroni, coz oboji ma na chovani vyssich harmonickych frekvenci vliv. Zména
povrchu terce ale také ptisobi na koncentraci elektront napt. prostfednictvim potencidlové
emise elektront pii dopadu iontu.

PoloZen4 otazka byla analyzovana ve ¢lancich [26, 22|. Povrch titanového terce byl
nejprve zcela otraven vybojem ve smési argonu se znacnym mnozstvim reaktivniho plynu
(N2 nebo O,). Plyny byly poté z vybojové komory odéerpany a vyboj byl znovu zapéalen
v ¢istém argonu. Ukazalo se, ze amplitudy harmonik byly pfed a po od¢erpani reaktivniho
plynu prakticky stejné, nezavisely tedy piilis na celkovém tlaku ani pfitomnosti reaktiv-
niho plynu v objemu plazmatu. Nitridova nebo oxidova vrstva na povrchu terce ale byla
v argonovém vyboji postupné odprasovana, takze pii tomto experimentu jsme mohli sle-
dovat reakci vyssich harmonickych frekvenci na zménu slozeni povrchu terce pii zachovani
témér nezménéné Cisté argonové atmosféry. Stav povrchu terce jsme sledovali také pomoci
intenzity spektralnich ¢ar titanu. Ve chvili, kdy doslo k oc¢isténi povrchu terc¢e od nitridu
nebo oxidu, doslo k prudké zméné vyssich harmonickych frekvenci a jejich amplitudy se
vratily z hodnot odpovidajicich otravenému rezimu na hodnoty odpovidajici kovovému
rezimu vyboje. Tim bylo prokazano, ze citliva reakce vyssich harmonickych frekvenci na
preskok mezi kovovym a otravenym rezimem reaktivniho magnetronového naprasSovani
neni zpisobena zménou tlaku ani slozeni plynu v objemu plazmatu, ale zménou slozeni
povrchu magnetronového terce.

Zjisténi, ze vyssi harmonické frekvence reaguji pravé na stav povrchu terce mj. zna-
mena, ze navrzena metoda monitorovani sleduje pfimo pritomnost tenké vrstvy na elek-
trodé, coz je idedlni jak pro monitorovani reaktivniho vf. magnetronového naprasovani,
tak i jinych leptacich ¢i depozi¢nich procesi.

Ve zminéném ¢lanku [22] jsme se zamérili na chovani Fourierovych slozek (tedy vyssich
harmonickych frekvenci ale i zakladni frekvence a stejnosmérného predpéti) vybojového
i sondového napéti nejenom v magnetronovém naprasovéani, ale také pti PECVD depozici
a leptani tenkych diamantu podobnych (DLC) vrstev. Abychom mohli rozlisit vliv raz-
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nych jevi na chovani méfenych Fourierovych slozek, provedli jsme sadu experimentii, ve
kterych jsme se drzeli nasledujiciho postupu: Vyboj byl nejprve zapélen v ¢istém vodiku.
Po nékolika minutach jsme do hoiictho vodikového vyboje zacali poustét i metan, coz
vedlo k depozici DLC vrstvy, zejména na buzené elektrodé. Po ptulhodiné depozice jsme
tok metanu zastavili a v nasledujicich desitkich minut tedy vyboj hotel opét v ¢istém vo-
diku, ve kterém se DLC vrstva po néjakém case odleptala. Tento postup umoznil srovnat
hodnoty vybojovych napéti ve vSech kombinacich vyboje s i bez reaktivniho plynu a s i bez
deponované vrstvy, sledovat reakce na zmeénu tloustky vrstvy a zaroven kontrolovat, zda
se vyboj po odc¢erpani reaktivniho plynu a odleptani vrstvy vratil do ptivodniho stavu.
Popsané experimenty probéhly pro depozici/leptani na vodivych i nevodivych substra-
tech a byl také sledovan vliv tlaku vodiku. Ukazalo se, Ze prosta pritomnost vrstvy mé na
méiené amplitudy napéti casto vétsi vliv nez pridani pomérné velkého mnozstvi metanu.
Tento vliv byl navic leckdy i opa¢ny, napt. pfidani metanu vedlo ke zvySeni amplitudy
druhé harmonické frekvence vybojového napéti, zatimco vznik vrstvy na elektrodé vedl
ke snizeni této amplitudy. Reakce jednotlivych frekvenénich slozek napéti na pritomnost
vrstvy tedy opét nebyla zpiisobena ovlivnénim plazmatu odleptavanym materidlem, a pro-
toze jsme vyloucili i vliv vodivosti vrstvy, reagovaly jednotlivé harmoniky i zde na stav
povrchu buzené elektrody, nejspis na pravdépodobnost emise elektront z povrchu. Skutec-
nost, ze chovani frekvencnich slozek nezaviselo na vodivosti povrchu elektrody, umoznuje
zavést monitorovani zalozené na sledovéani zékladni ¢i vyssich harmonickych frekvenci do
plazmovych procesii pouzivajicich jak vodivé, tak i nevodivé vrstvy ¢i substraty.

Navrzené vysvétleni, podle kterého je reakce (vyssich) harmonickych frekvenci na
pritomnost tenké vrstvy zptisobena rozdilnymi hodnotami pravdépodobnosti emise elek-
tronu z povrchu tenké vrstvy a substratu, predpovida, Zze pii odleptani tenké vrstvy se
musi zménit koncentrace elektroni v plazmatu. Tuto predpovéd jsme ovérili méFenim
koncentrace elektront vf. kompenzovanou Langmuirovou sondou.

2.4 Modelovani elektrické nelinearity vyboji

Pro porozuméni nelinearnim vlastnostem kapacitnich vyboji bylo potfeba vytvorit teo-
reticky model elektrického chovani plazmatu véetné chovani vyssich harmonickych frek-
venci. Stavajici modely Fesily bud jen symetricky vyboj se shodnymi plochami elek-
trod [33, 16], kde je generovani vyssich harmonickych frekvenci potlaceno, nebo extrémné
nesymetricky pripad [34, 35, 17|, kde byl zcela zanedban vliv nelinearni sténové vrstvy
u zemnéné elektrody.

Proto jsem vytvoril model, ktery bere v potaz nelinearni vlastnosti kapacitniho vyboje
a ktery lze pouzit k popisu symetrickych i nesymetrickych vyboji s jakymkoli stupném
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Obr. 2.4: Spocitany pribéh proudu nesyme- Obr. 2.5: Vzdjemnd vazba mezi vyssimi
trickym kapacitnim vijbojem pro rizné hod- harmonickymi frekvencemi mnizkotlakého
noty srazkové frekvence elektroni. Zejména kapacitniho vijboje. Zesileni cturté azZ Sesté
pri expanzi sténové vrstvy u Zivé elektrody harmoniky pri sériové rezonanci se projevi
se vybudi vlastni kmity plazmatu, které jsou i na ostatnich harmonikdch. Velicina G
tlumeny diky srdzkdm elektroni s neutrdly. vyjadruje podil vzddlenosti a plochy elek-
Publikovdno v [18]. trod. Publikovdno v [18].

nesymetrie [18]. V tomto elektrickém modelu je vodivost vlastniho ,bulkového* plazmatu

popsané vztahem

TL62

o= ——"——##— + iwey, 2.4

m(v + iw) 0 (24)

kde v je srazkova frekvence pro pfenos hybnosti elektronu a w je thlova frekvence elek-
trického pole. Protoze proudu sténovymi vrstvami dominuje Maxwelltiv posuvny proud,

bylo jejich elektrické chovani vyjadieno vztahy

ne
= — 2.
Us 2805 (2.5)
ds
I = +£Sne— 2.6
ne g (2.6)

kde U, oznacuje napéti na sténové vrstvé a I proud sténovou vrstvou, S je plocha pfi-
slusné elektrody a s tloustka sténové vrstvy. Uvedené vztahy byly odvozeny pro sténo-
vou vrstvu s konstantni koncentraci iontii a nulovou koncentraci elektronti. Vytvoril jsem
proto i model jedné sténové vrstvy s nehomogenni koncentraci naboje a ovéril, ze pro V-A
charakteristiku vrstvy dava vysledky velmi podobné jednoduchému modelu (2.5) - (2.6).
Model (2.4)—(2.6) byl poté doplnén o generator vf. napéti a jeho vystupni impedanci
a byl feSen numericky.
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Protoze kapacitni vyboje generuji jen omezeny pocet vyssich harmonickych frekvenci,
bylo vyhodné provést Fourieriiv rozklad rovnic modelu a feSit rovnice Fourierova obrazu
sestaveného modelu. K rovnicim byla pridana podminka nulového stejnosmérného proudu
vybojem, které zajistila spravné pocitani stejnosmérnych napéti sténovych vrstev a tedy
i stejnosmérného predpéti na zivé elektrodé. Potfeba takovéto podminky byla zdivodnéna
v [36]. Byla nalezena vhodna numerickd metoda feSeni vzniklého systému rovnic a byly
sestaveny funkce pracujici v prostifedi Matlab, které tento model fesi. Sestavené funkce
byly popsany a poskytnuty k volnému stazeni [37].

Cést vysledki modelu je publikovana ve ¢lanku [18]. Pfedpovéd modelu byla tspésné
srovnané s méfenim ¢asového prubéhu potencidlu plazmatu nekompenzovanou sondou
(kpt. 2.2) a model pak byl vyuZit ke studiu nelinearnich vlastnosti plazmatu. Napiiklad
byl pozorovan vliv srazkové frekvence elektronii, jejiz rust vede k ttlumu vyssich har-
monickych frekvenci i snizovani zakladni frekvence vybojového proudu. Ukazalo se ale,
ze diky vlivu vyssich harmonik nemusi byt pokles vybojového proudu monoténni (muze
tedy dojit i k omezenému nartstu proudu) a Ze diky Maxwellové posuvnému proudu,
ktery muze plazmatem téct i pii jakkoli vysoké srazkové frekvenci, nedojde k tplnému
vymizeni vyssich harmonickych frekvenci ani ve vybojich iniciovanych za atmosférického
tlaku. Predpovézenou existenci vyssich harmonickych frekvenci v kapacitnich vybojich
buzenych za atmosférického tlaku jsme poté experimentalné potvrdili v praci [2], kde jsme
také pozorovali snizeni amplitudy sudych harmonik diky opac¢nému piisobeni sténovych
vrstev u zivé a zemnéné elektrody. Jinym piikladem vyuziti modelu je pozorovani vlivu
koncentrace elektroni, jehoZz vypocet nazorné demonstroval vliv rezonanci jednotlivych
harmonik jak s plazmovou frekvenci vlastniho plazmatu, tak se sériovou (,,plasma-sheath®)
rezonanci. Hodnota sériové rezonance byla mirné ovlivnéna i amplitudou pfivedeného na-
péti a pomérem ploch obou elektrod [36]. Model déle ukazal, ze amplituda pfivedeného
vf. napéti ma vliv na efektivni nesymetrii i nelinearitu vyboje, a to navzdory skutec¢nosti,
7e geometricka asymetrie, tj. pomér ploch elektrod, ziistaval konstantni. Byl pozorovan
i opa¢ny efekt, kdy vyssi harmonické frekvence generované diky nelinearité vyboje ovliv-
novaly nesymetrii vyboje a tim i pfedpéti na zivé elektrodé. Nelinearita sténovych vrstev
dale vedla i ke vzadjemné vazbé mezi jednotlivymi vys$Simi harmonikami, coz souhlasi
s pozorovanim zminénym v kpt. 2.2.

Zminény vliv vyssich harmonickych frekvenci na stejnosmérné napéti na sténovych
vrstvach [18] byl motivaci ke studiu vlivu vy$sich harmonickych frekvenci na tzv. elek-
tricky asymetricky efekt, ke kterému dochazi ve dvoufrekvenc¢nich kapacitnich vybo-
jich [38, 39]. Pii tomto efektu se vyuZiva interakce mezi dvéma pfivedenymi napétimi,
pricemz frekvence jednoho napéti je sudym nésobkem frekvence druhého napéti, a zménou
faze mezi privedenymi napétimi se ladi velikost stejnosmérného napéti na jednotlivych
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sténovych vrstvach. Proto byl model (2.4)—(2.6) vyuzit i ke studiu takovychto dvoufrek-
ven¢nich vyboja [40]. Studium dvoufrekvenéniho vyboje ukazalo, Ze elektricky asymet-
ricky efekt lze vyuzit i v nesymetrickych vybojich. Situace je ovsem komplikovanéjsi diky
vys$sim harmonickym frekvencim, které skuteéné ovliviuji hodnoty stejnosmérnych na-
péti na sténovych vrstvach. Vétsina vysladku analyzy modelu dvoufrekvenéniho vyboje
se teprve pfipravuje k publikaci.

Doposud popisovany model ovSem plati pouze v a-rezimu vyboje, ve kterém elektrony
emitované z elektrod hraji jen vedlejsi roli. Naopak v 7y-rezimu hraji emise elektroni
z elektrod s nasledujici lavinovou ionizaci ve sténové vrstvé roli zasadni a pravé v-rezim
je nejcastéjsi stabilni formou kapacitnich vyboju hoficich za atmosférického tlaku. Model
sténové vrstvy (2.5)—(2.6) jsem tedy obohatil o elektronovy a iontovy proud a o ionizaci
ve sténové vrstvé. Tato snaha byla motivovana spektralnimi méfenimi elektrickych poli
ve sténové vrstvé atmosférického -rezimu kapacitniho vyboje realizovanych kolegy [41].
Jejich méfeni necekané ukéizala témér pravouhly casovy priubéh intenzity elektrického
pole ve sténové vrstvé, prestoze vyboj byl buzen vf. proudem se sinovym prubéhem.
Tento méreny prubéh se mi podarilo velmi dobfe reprodukovat vytvorenym modelem
sténové vrstvy [41]|. Ukazalo se, Ze prfi zvySeni napéti na sténové vrstvé dochéazi diky
zintenzivnéni lavinové ionizace k prudkému zvyseni vodivosti sténové vrstvy, takze od
jisté trovné intenzity elektrického pole ve vrstvé uz zvySovani vybojového proudu vede
jen k velmi malému nartstu napéti na vrstvé a proto se prakticky zastavi i rist intenzity
elektrického pole.
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Kapitola 3

Fluorescenéni méreni v plazmatu

3.1 Uvod do problematiky

vvvvvv

disociaci molekul plynu (pii narazu elektronu nebo vlivem metastabilu), iontovymi re-
akcemi nebo disociativni rekombinaci, reakei jinych radikali, disociaci vysoce vibracné
excitovanych stavi, prip. dopravené do plazmatu desorpci z blizkého pevného nebo kapal-
ného povrchu. Pravé vysoké reaktivité radikalt plazma vdéci za mnoho svych vlastnosti,
vétsina modifikaci povrchii plazmatem je zaloZena na cincich téchto ¢astic a velkd ¢ast
plazmochemie popisuje radikalové reakce.

Je proto zadouci mit vhodny nastroj pro méfeni koncentraci radikalovych ¢astic véetné
jejich prostorového rozlozeni i ¢asového vyvoje. Diagnostické metody jsou ale omezené:
naprosta vétsina radikali je v zadkladnim elektronovém stavu, a proto spontanné nezaii,
kratka doba zivota radikalti omezuje moznosti jejich transportu mimo plazma a néasled-
nou analyzu standardnimi chemickymi metodami, absorpéni méfeni nepiinaseji informaci
o prostorovém rozlozeni a byvaji malo citliva. Navic mnohé metody pouzitelné za nizkého
tlaku narazi na mnoho komplikaci, pokud maji byt aplikované na plazma iniciované za
atmosférického tlaku. V soucasnosti nejvhodnéjsi zptisob detekce radikalu (a metasta-
bilit) je proto zaloZen na fluorescenci [42, 43, 44| — bud prosté laserem indukované flu-
orescenci (LIF, laser-induced fluorescence) nebo fluorescenci indukované dvoufotonovou
absorpci laserového zareni (TALIF, two-photon absorption laser-induced fluorescence),
ktera umoznuje excitaci i lehkych jednoatomovych ¢astic (H, C, N, O) bez pouziti VUV
laseru.

I fluorescen¢ni metody ovSem maji své komplikace a zejména za atmosférického tlaku
nejsou jesté zcela standardni metodou. Proto se nasledujici kapitola vénuje zptisobu mé-
feni a vyhodnoceni fluorescen¢nich metod s dirazem na nékolik problematickych bodu,

17
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u kterych jsem se podilel na hledéni jejich korektnich feseni. Teprve potom se zaméfim na
konkrétni typy vyboju, které jsme pomoci fluorescence studovali. I kdyZz jsme detekovali
i jiné ¢astice, omezim se v této praci na diskuzi méfeni jednoatomovych radikali vodiku,
kysliku a dusiku a molekulového hydroxylového radikalu (OH).

»

3.2 Metoda fluorescenc¢nich méreni

3.2.1 Zakladni vztahy

Protoze pfesné urceni absolutni citlivosti méreni (TA)LIF je problematické, kalibruji se
tyto metody pomoci méteni jinych signali se znamou intenzitou. Jako nejvhodnéjsi a nami
pouzivané se jevi méreni Rayleigho rozptylu pro kalibraci jednofotonové LIF a mefeni
TALIF signalu vzacného plynu (Kr, Xe) se znamou koncentraci pro kalibraci TALIF.
Pri pouziti téchto kalibracnich metod ziskdvame pro koncentraci Castic hydroxylovych
radikali mérenych jednofotonovou LIF [45] vztah

St 1 c47r% E,

N, = LN, - —4 .
oH Sr f Iithl/r Elf
! < (3.1)
) 1) ~(1) 4 (1) £(1) (0) ~(0) 4(0) £(0) '
T Zij Fz‘j Cij Aij [i(T) + vr© Zij Fz’j Cij Aij fi(T)
a pro koncentraci jednoatomovych radikali mérenych metodou TALIF [46] vztah
S Er\’ oA A FxC
NX = NK XK _K V_X O-I;A KK K Ka (32>
SK:‘iX EX VK Ox AxTX FXC’X

kde N oznacuje koncentraci, S méfeny (TA)LIF signal, x faktor spektralniho piekryvu
absorpéni a laserové ¢ary, v frequenci laserového zatreni, E energii laserovych pulzi, o
uc¢inny prufez pro dvoufotonovou absorpci nebo Rayleigho rozptyl, A Einsteintuv koefici-
ent spontanni emise, B Einsteintuv koeficient absorpce zareni radikdlem OH, 7 dobu Zivota
excitovanych stavii, F' propustnost pouzitého interferen¢niho filtru, C' kvantovou ti¢innost
detektoru (ICCD kamery) pro pfislusnou vlnovou délku, f Boltzmannuv faktor a V rych-
lost vibra¢niho prenosu energie mezi prvnim a zékladnim vibra¢nim stavem elekgronoveé
excitovaného radikalu OH. Indexy f, r, X a K rozlisuji veli¢iny vztahujici se k fluorescenci
OH radikalu (f), Rayleigho rozptylu (r), TALIF méfeni jednoatomovych radikala (X) nebo
kalibra¢niho TALIF méfeni vzécného plynu (K). Indexy @ a (M) odliguji zakladni a exci-
tovany vibracni stav elektronové excitovaného OH radikalu, index ;; oznacuje konkrétni
rotaéni ¢aru detekovaného vibra¢niho pasu radikdlu OH. Vztah (3.1) plati pro pfipad,
kdy OH radikaly excitujeme do prvniho vibracné excitovaného stavu. V pripadé excitace
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do zakladniho vibra¢niho stavu plati o néco jednodussi varianta tohoto vztahu [47, 48].
Korektni uréeni nékterych veli¢in vystupujicich v zakladnich vztazich (3.1) a (3.2) neni
zcela trividlni a nékolika z nich se proto vénuji nasledujici radky.

3.2.2 Parazitni signaly

I kdyz je fluorescen¢ni signal snimén pfes interferenc¢ni filtr, mohou k méfenému signalu
kromé vlastni fluorescence zkoumanych ¢astic (S v predchozich vzorcich) pfispét i rtizné
nechténé efekty. Nékteré je snadné ocekévat, napt. temny signél detektoru, jiné mohou byt
prekvapivéjsi. Parazitni signaly mohou vzniknout pii rozptylu laseru na povrchu pevnych
predmétu nebo kapalin a pii fluorescenci téchto latek. K tomuto jevu dochéazi casto pri
diagnostice povrchovych vyboji, kde se nelze zcela vyhnout kontaktu laserového svazku
s povrchem blizkého predmétu, vétsinou dielektrika. Zejména pii kontaktu laseru s dielek-
trickou bariérou hrozi také ovlivnéni vyboje laserovym pulzem [49], hlavné nastartovani
vyboje a zesileni jeho zafeni v momentu, kdy chceme méfit fluorescencni signal [50].
A nakonec laser sdm miuze zpusobit fotodisociaci molekul ve vyboji a tim uméle zvysit
koncentraci mérenych céstic.

Po analyze chovani vyjmenovanych parazitnich signala v riiznych typech vyboje jsme
doporucili eliminovat jejich vliv na ziskané hodnoty koncentraci méfenych ¢éstic pomoci
nasledujicich bodi:

e Minimalizace kontaktu laserového svazku s okolnimi povrchy [50], a to i odrazenych
a rozptylenych ¢asti svazku, napt. pomoci pfesného nastaveni svazku, pouziti clonek,
zastinéni aparatury a sklonéni piipadnych okének v laserové draze pod Brewstero-
vym thlem [51]. Pokud to situace umoznuje, je vyhodné mit v kontaktu se svazkem
pouze nefluoreskujici materialy s hladkym povrchem a vhodnou geometrii [51].

e Ovéreni, ze prostifednictim fotodisociace laserem neprodukujeme fluorescenc¢ni sig-
nal pfi vypnutém vyboji |52, 43| (nebo tésné po vyboji). Pokud ano, je pottfeba
snizit energii laserovych pulzu tak, aby tento signal vymizel.

e Meéteni a odecteni nejen signélu zaznamenaného pii vypnutém laseru, ale také sig-
nalu detekovaného se zapnutym laserem, ktery ale ma vlnovou délku rozladénou
mimo absorp¢éni ¢ary ¢astic pritomnych v plazmatu. Takovéto méreni totiz obsa-
huje pripadné vlivy rozptyleného laseru, fluorescence povrchi a ovlivnéni vyboje
laserem [50]. Pfi odec¢teni parazitnich signala je pot¥eba vzit v uvahu, Ze nikdy
nebyly méteny pii zcela stejnych energiich laserovych pulziu [51, 45].

e Casova synchronizace laseru s vybojem a naméfeni riznych signala (s naladénou
i rozladénou vlnovou délkou laseru, bez laseru) v zavislosti na fazi budiciho napéti
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Obr. 3.1: Casové rozlisené méreni LIF OH v koplandrnim povrchovém DBD iniciovaném
v Cisté vodni pdre za atmosférického tlaku (za teploty 120°C) v zdvislosti na fazi vf.
napéti privedeného na elektrody [45]. Od méFené intenzity uZ je odecten temny signdl
detektoru. Cervend kiivka ukazuje casovy vijvoj signdlu méreného s laserem naladéngm
na stred absorpcéni cary OH. Modrd krivka prezentuje meéteni bez laseru, tedy spontdnni
zarent vyboje, které by pred vyhodnocenim koncentrace OH meélo bijt odecteno od cervené
krwky. Prekvapenim muZe byt vysokd intenzita signdlu meéreného s laserem, ktery meél
vinovou délku rozladénou mimo absorpcni ¢dru OH a nemohl proto zpisobit fluorescenci
OH (zelend kiivka). Méient s rozladénym laserem odhaluje nejenom parazitni fluorescenci
dielektrika ¢i rozptyl laseru na dielektriku, ale také zesilent ,spontanniho® zdteni vijboje
vlwem laseru. Kdyby zelend krivka nebyla odectena od cervené, vedlo by zpracovdni ke
zcela Spatnému éasovému vyvoji OH a k predenéni koncentrace OH o vic neZ 100 %.
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vyboje. Nasledné méreni v takové fazi vyboje, kdy elektrické pole ve vybojce je
slabé a kdy tedy laser nemtiZe iniciovat vyboj [50, 51].

e Naméreni zavislosti méfeného signalu na energii laserovych pulziu (v piipadé TA-
LIF na jeji druhé mocning) a kontrola, Ze tato kiivka nemé konkavni tvar (coz by
pravdépodobné bylo zptisobeno produkei reaktivnich ¢astic laserem) a ze protina
pocatek souradnic [50|. Pfed vyhodnocenim muze byt vhodné od uvedené kiivky
odecist analogickou kiivku méfenou s rozladénou vinovou délkou laseru. Nésledné je
vhodné méfit pii nizké energii laserovych pulzi, idealné v lineérni ¢asti diskutované
kiivky.

Oviem i uvedené parazitni signaly mohou byt uzitetné: Casoprostorové rozlozeni spon-
tannfho zareni vyboje samoziejmé o plazmatu vypovida a to i tehdy, byl-li vyboj umeéle
nastartovan laserem v pfesné definované fazi budicitho napéti. Signal rozptyleného laseru
jsme vyuzili k detekeci kapek v koplandrnim DBD iniciovaném ve vodnich parach [45].
A puvodné nechténou fotodisociativni produkei radikila laserem lze od fluorescence ori-
ginalné pritomnych ¢astic odlisit diky odlisné zavislosti na energii laserovych pulzii a na-
sledné ji vyuzit k detekei plazmatem produkovanych molekul, napt. O3z nebo HyO4 [53].

3.2.3 Saturacni efekty

Tradiéni méreni LIF probihd v linearnim rezimu, tedy pii tak slabém laserovém zareni,
kdy je zavislost intenzity fluorescence primo timérné energii laserovych pulzi. Nizké ener-
gie laseru ale ¢asto vede k nedostatecnému poméru signalu a Sumu, takze by bylo zZadouci
mit moznost realizovat kvantitativni LIF méfeni i pti vyssich energiich, kdy ovSsem do-
chazi k ¢astecné saturaci fluorescence. Proto jsme analyzovali procesy probihajici pii LIF
vCetné saturacnich jevi (ochuzeni zékladniho stavu, stimulovanéd emise) a dospéli jsme
k zavéru, ze slabou saturaci lze popsat vztahem

OZEZ

Ssa R ——)
"1+ BE

(3.3)
kde S, je méfeny signal, o a 8 jsou parametry fluorescenéniho procesu, které lze ziskat
fitem rovnice (3.3) na méfenou zavislost fluorescencéniho signilu na energii laserovych
pulza (£;) [50]. Hodnota aF; udava hypotetickou intenzitu fluorescence, kdyby nedo-
chazelo k saturaci, hodnota SE; nese informaci o sile saturace. Uvedenou rovnici lze
pouzit pro SE; < 0.4. Jakmile stanovime hodnotu parametru 3, mizeme vyhodnocovat
i Gastefné saturovana méfeni tak, Ze méfenou (saturaci ovlivnénou) intenzitu vynasobime
faktorem 14 B F; a tak ziskdme hodnotu hypotetického nesaturovaného signalu Sy, kterou
muzeme dosadit do rovnice (3.1).
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3.2.4 Spektralni prekryv

Pri vypoctu koncentrace detekovanych ¢astic je ovsem potieba znéat fluorescencni signal
integrovany pfes celou excitaéni (absorpéni) ¢aru sledované éastice. V prvnim piiblizeni
je moZné namérit profil excitacni ¢ary preladovanim vinové délky laseru a v nasledujicich
méfenich, kterd z divodi ¢asu a stability experimenti byvaji provedena jen s laserem
naladénym do centra excitac¢ni ¢ary, vynasobit méfenou intenzitu pomérem méfeného
integralu celé excita¢ni ¢ary ku signdlu méfeném v maximu. Tento pfistup by ale byl
presny pouze kdyby laser mél nekoneéné tizkou spektralni ¢aru. Proto jsem odvodil faktor
spektralniho prekryvu excitacni a laserové cary

o0

gy = / 1) a(v) dv, (3.4)

0

kde [ a a predstavuji spektralni profily laserové a excitacni ¢ary normované na jednicku
a tento faktor jsme pouzili ve vyhodnoceni fluorescen¢nich experimentu [47].

Ukéazalo se ovSem, ze faktor ks (stejné jako zminény jednodussi pomér maximalniho
signalu a integréalni intenzity) je zna¢né citlivy na saturaci, protoze saturace miuze vy-
razné zménit tvar excita¢ni ¢ary v okoli jejtho maxima. Proto je potfeba méfit profily
excitacnich ¢ar pri dostatecné nizké energii laserovych pulzi, ptip. saturaci korigovat nebo
naméfit hodnoty sy pro rizné hodnoty energie laseru a méfenou zéavislost extrapolovat
k nulové energii [47].

3.2.5 Trojcasticové srazky excitovanych castic

Pfi vyhodnoceni (TA)LIF experimenti je dilezité znat dobu Zivota excitovanych stavi.
Ta ovSsem za atmosférického tlaku muze byt neméritelné kratka a pak je nutné ji spocitat
pomoci znamych rychlostnich konstant zhaSeni a zarivé deexcitace. Za atmosférického
tlaku ale existuje riziko, ze doba Zivota je zkracena i vlivem t¥icasticovych srazek [44],
jejichz rychlostni konstanty jsou vétSinou neznamé. Z tohoto divodu jsme vsude, kde
to bylo mozné, doby Zzivota méfili (napf. [52, 47, 48, 45, 54|) a potvrdili, Ze v nami
studovanych prostiedich je vliv t¥icasticovych srazek na zhaseni studovanych excitovanych
¢astic zanedbatelny.

Stejny problém ale nastavéa i pii kalibraci TALIF, ktera je zalozena na TALIF sig-
nélu kryptonu nebo xenonu. Pro jednoduchost a eliminaci potencialnich systematickych
chyb (plynoucich z umistovani vybojky béhem kalibra¢nich métreni do vakuové aparatury)
jsme zacali kalibraci provadét za atmosférického tlaku v proudu argonu, do kterého bylo
pridano zhruba 1% Kr nebo Xe. Pak ale bylo nutné vyloucit nebo kvantifikovat vliv t¥i-
¢asticového zhaseni, coz ovSem neslo pifimym méfenim doby Zivota, kterd se pohybovala
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v fadu 100 ps. Provedli jsme proto ruzna meéreni zavislosti TALIF signalu Kr a Xe na
tlaku (vé. méfeni excita¢nich profila ¢ar), vyuzili znamé koncentrace Kr/Xe v aparatuie
i zavislosti TALIF signalu na dobé zivota a urcili tak tlakovou zavislost doby Zivota na
tlaku smési Ar+ Kr/Xe [52, 46]. Ukazalo se, ze v pouzitych smésich hraji tfi¢asticoveé
srazky zanedbatelnou roli, coz zjednodusuje a umoznuje zavedeni jednoduché kalibrace
TALIF pfimo za atmosférického tlaku.

3.2.6 Srazkova preusporadani excitovaného stavu

Prestoze pfi laserem indukované fluorescenci excitujeme ¢astici do jednoho konkrétniho
stavu, muze se na fluorescenénim procesu podilet mnohem vice excitovanych stavi, a to
hlavné tehdy, kdyz je stav castice ménén srazkami s okolnimi molekulami. Tento jev
je dilezity zejména u viceatomovych ¢astic, u kterych vstupuji do hry ruzné vibrac¢ni
a rotacni stavy. Kromé zhaSeni excitovaného stavu tedy miize pfi srazkach dojit i k rotac-
nimu a vibra¢nimu pfenosu energie, a proto jsme tuto problematiku podrobné studovali
pii fluorescenci OH radikali.

Za atmosférického tlaku jsou sréazkova preusporadani velmi rychla. To lze dolozit napft.
nasim méfenim fluorescencniho spektra v plazmové tuzce (kpt. 3.5), kde excitovany stav
A?YT (v = 0) byl béhem celého procesu prakticky v rota¢ni rovnovaze |55, 47|, docha-
zelo tedy k extrémné rychlému preusporadani desitek rtiznych rota¢nich stavi. Vyhodou
situace s extrémné rychlym rota¢nim preusporfadénim je to, ze cely vibronicky stav se
vSemi jeho rotacnimi hladinami muZzeme povazovat za jeden efektivni excitovany stav
OH radikali. Efektivni Einsteintiv koeficient fluorescen¢niho zafeni jsme potom pocitali
jako vazeny soucet Einsteinovych koeficienti vSech vice neZ sto emisnich ¢ar celého vib-
racniho pésu.

V prostiedi s vodni parou (viz kpt. 3.4) bylo ale zhaSeni tak rychlé, Ze se excitovany
stav nestihl dostat do rota¢ni rovnovahy [45]. Navic jsme v tomto pripadé OH excitovali do
prvniho vibra¢né vzbuzeného stavu, takze zde kromé rota¢niho preusporadéani hralo roli
i vibra¢ni preusporadani. Elektronové excitovany stav OH jsme proto modelovali jako
soustavu tii stavii — efektivniho stavu (v/ = 0) zahrnujictho vSechny pfislugné rotaéni
hladiny s rozdélenim odpovidajicim teploté plynu, analogického vibra¢né excitovaného
efektivniho stavu (v' = 1) a laserem pfimo Cerpané rotac¢ni hladiny, ktera byla po vétsi
cast fluorescence populovana vice, nez by odpovidalo rotacni teploté plynu.

Ani toto ovSem v nékterych piipadech neni zcela vérny popis reality. Jak se ukazalo
na fluorescenénim spektru OH radikali v objemovém dielektrickém bariérovém vyboji
(kpt. 3.3), které vyhodnotil Vojtéch Prochazka [56], nemusi se do rota¢ni rovnovahy do-
stat nejen rota¢nim prenosem energie populované hladiny pasu (v' = 1), ale ani hladiny
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nizsiho vibraéniho pasu (v = 0). Pfi vibra¢nim prechodu se totiz prebytecna energie
miize prenést pravé do rotacéni excitace, takze vysledna rotacni teplota vibra¢niho pasu
0—0 miZe byt vyssi nez rotacni teplota zakladniho vibronického stavu XZ2II (v” = 0),
ktera odpovida skutecné translacni teploté neutralniho plynu. Pii pocitani efektivniho
Einsteinova koeficientu jednotlivych vibra¢nich past je proto korektnéjsi pouzit jejich
vlastni rotacni teploty, které se mohou od transla¢ni teploty plynu lisit.

3.3 Objemovy dielektricky bariérovy vyboj

Jednim z typu vyboju, které pomoci (TA)LIF metod analyzujeme, je objemovy dielek-
tricky bariérovy vyboj (DBD) zapalovany v tzv. atomizatoru ve smésich Ar, Hy a pfip.
O,. Tento atomizator je jednoduché plazmové zafizeni tvorené pravothlou kifemennou
trubici, do jejihoz stfedu proudi uvedenéd smés plynii a ve které je zapélen DBD. Tako-
véto atomizatory se vyuzivaji v analytické chemii pro icely citlivé a jednoduché detekce
hydridotvornych prvki jako jsou As, Te, Se, Pb, Bi, Sn nebo Sb [57]. Tyto prvky jsou
do plazmatu pfivedeny ve formé plynného hydridu, ktery je ve vyboji rozlozen a volné
atomy analytu jsou nasledné detekovany pomoci absorpce nebo fluorescence. V soucas-
nosti se predpokladé, ze zadany rozklad hydridu je zptusoben reakcemi s jednoatomovymi
vodikovymi radikaly. V DBD zapéaleném pouze v argonu s piimési hydridu totiz signal
analytu pozorovan nebyl, signal se objevil az v pritomnosti vodiku. Vodikové radikaly
mohou v atomizatoru vznikat vlivem plazmatu ale také hofenim, je-li kromé vodiku pfi-
tomen i kyslik. Pro potvrzeni uvedené teorie, pochopeni procest v atomizatorech a snad
i jejich zdokonaleni bylo tedy zddouci namérit koncentrace reaktivnich radikali, zejména
atomérniho vodiku, ktery ale do té doby nebyl nikym ve vybojich za atmosférického tlaku
metodou TALIF méfen.

Proto jsme provedli sérii (TA)LIF méfeni v uvedeném atomizatoru [46, 52|, pii kterych
jsme se nejdriv zamérili na radikidly H a O ve smésich Ar + Hy nebo Ar + O,. Ukézalo se,
7e koncentrace téchto radikali je v ¥adu 102! m—3, je homogenni podél atomizatoru a prak-
ticky konstantni béhem celé periody budiciho napéti. Uvedené koncentrace atomu (H, O)
je radové vétsi nez koncentrace hydridu a je tedy dost velka, aby vysvétlila pozorovany
rozklad hydridii ve smési s vodikem a pozorovany zachyt analytu na sténach atomizéatoru
(spojeny pravdépodobné s jeho oxidaci) ve smési s kyslikem. Zatimco ve smési Ar+ Oy
rostla koncentrace O s parcidlnim tlakem O, podle odmocninové zévislosti, coz odpovida
zaniku O rekombinaci uvniti plazmatu, ve smési Ar + Hy pfi zvySovani parcialniho tlaku
H, koncentrace H klesala. To lze vysvétlit nizsi disocia¢ni efektivitou vyboje v prostiedi
s nizkou koncentraci Ar a toto vysvétleni bylo i potvrzeno chovanim vyboje ve smési
s pridanym Os. Uvedenym pozorovanim se vysvétlil fakt, ze za nizsiho prutoku Hy byvaji
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Obr. 3.2: Prostorové rozloZeni koncentrace vodikovyjch radikdli (m=3) v objemovém DBD
v atomizdtoru v zdvislosti na pritoku kysliku pro konstantni pritok vodiku 16 scem.

atomizatory vice citlivé, a zéroven se tim nastiiiuje jedna z moznosti zlepSeni atomizatoru
dal$im sniZenim prutoku Hs. To za béZného provozu atomizatoru sice neni trivialni, pro-
toze vodik vznika jako boc¢ni produkt hydridizace analytu, ale mozné to je napf. pomoci
zadrzeni hydrida ve vymrazovaci pasti a nasledného rozkladu v pfitomnosti nizsi koncen-
trace Hy. (V jiném typu atomizatoru jsme nedéavno skutecné pozorovali zvySeni citlivosti
detekce olova pii snizeni parcialniho tlaku vodiku, Slo ale o zaFizeni jiného typu, a proto
nelze timto pozorovanim potvrzovat uvedenou hypotézu.) Po vyméné argonu za helium
klesla koncentrace obou jednoatomovych radikala, ¢imz lze opét vysvétlit skutecnost, ze
pii pouziti He misto Ar jsou atomizatory méné citlivé. Nakonec zbyva zminit, Ze zéavislost
koncentrace jednoatomovych radikili na vykonu dodédvaném do DBD se dobfe shodla
s vykonovou zavislosti citlivosti atomizatoru. VSechna nase méfeni tak jsou v souladu
s predpokladem, ze za atomizaci hydridi jsou v DBD zodpovédné vodikové radikaly.

Ve smési Ar+ Hy + Oy jsme kromé uvedenych jednoatomovych radikilta mérili i radi-
kal OH. V této smési uz byla koncentrace radikili nehomogenni a vykazovala nasledujici
strukturu: V centru atomizatoru, tedy blizko vtoku plyni, se objevila oblast s nizkou
koncentraci H-radikili a s pomérné vysokou koncentraci O-radikéli. Tato oblast byla
ostfe ohranicena tzkou zonou s vysokou koncentraci OH a s prudkym nartstem kon-
centrace H. Ve vnéjsich oblastech atomizétoru pak dominovaly vodikové radikaly s jiz
homogenni koncentraci prakticky neovlivnénou pritomnosti kysliku, ktery zde byl témér
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v8echen zreagovany na vodu. ZvySovani poméru pritoki Hs/Os vedlo k rozsifovani cent-
ralni oblasti s nizkou koncentraci H, az pii stochiometrickém poméru vzhledem k vodé se
tato oblast roztahla po celé délce atomizatoru. Na jeji sitku mél pfi malych pritocich Oq
viditelny vliv i vir vznikajici u vtoku plynti do atomizatoru. I silné podstechiometrické
mnozstvi kysliku mélo velky vliv na slozeni radikali v centralni oblasti, kde koncentrace
atomarniho kysliku pfevysila koncentraci atomarniho vodiku. Tim byl vysvétlen znamy
fakt, ze i malé mnozstvi Oy stac¢i na utlumeni signalu analytu v atomizitoru a k jeho
zachyceni na sténu, kde timto zptisobem miize byt zakoncentrovan a pozdéji bez piitom-
nosti kysliku znovu preveden do plynné formy a detekovan s lepsim detekénim limitem.
Experimentalni data se stala podkladem pro teoreticky model Adama Obrusnika, ktery
se s méfenymi pribéhy dobfe shodl a ktery vnesl svétlo do chemickych reakei a proudéni
plynu v atomizatoru. Méreni LIF OH bylo také pouZito ke stanoveni teploty plynu (okolo
500 K).

3.4 Koplanarni dielektricky bariérovy vyboj

Bariérovy vyboj ovSem nemusi byt zapalen pouze v objemové varianté. Ve spolupraci
Masarykovy Univerzity (Brno) a Univerzity Komenského v Bratislavé byl vyvinut tzv.
koplanarni DBD, ktery vytvaii tenkou (~0,3mm) vrstvu plazmatu u povrchu dielek-
trika [58] a ktery je schopny vytvéaret plazma s vysokym podilem difazni slozky v béz-
nych pracovnich plynech jako jsou vzduch nebo dusik bez potieby pouzivat vzacné plyny.
Stazeni vyboje do tenké vrstvy vedlo k rekordni hustoté dodavaného vykonu a ocekavalo
se, ze vysoké hustota vykonu povede k vysoké koncentraci reaktivnich ¢astic. Tento pfed-
poklad byl spolu s otézkou, jestli povrch dielektrika znatelné ovlivni chovani radikali,
samoziejmé motivaci pro (TA)LIF méfeni v koplanarnim DBD. Takovato méfeni byla
zaroven i diagnostickou vyzvou, protoze pravé blizkost povrchu musela vést k témér vsem
parazitnim jeviim popsanym v kpt 3.2.2.

Prvni vétsi fluorescenéni métreni v koplanarnim DBD jsme realizovali ve smési argonu
a vodiku, kde jsme metodou TALIF sledovali jednoatomové vodikové radikaly [51]. Vliv
parazitnich signali byl méfen a korigovan, ale abychom tento vliv minimalizovali, byl
vyboj zapéalen na vnéjsim povrchu hladké kifemenné trubice, coz umoznilo minimalizovat
kontakt laseru s dielektrikem, rozptyl zareni smérem k detektoru i fluorescenci dielektrika.
Abychom mohli sledovat vyvoj koncentrace H v delsim ¢asovém tiseku, byl vyboj preruso-
van s frekvenci v fadu stovek Hz. Casové pulzovani vyboje vedlo spolu s jednofilamentni
konfiguraci aparatury k prostorové stabilizaci vyboje, takze jsme mohli realizovat ¢asové
1 prostorové rozlisend méreni s prostorovym rozlisSenim v radu 10 pym.

Méfeni potvrdila vysokou koncentraci vodikovych radikali v ¥adu 1022 m=3, tedy 4-
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Obr. 3.3: éasovg vyvoj koncentrace atomdrniho vodiku beéhem dohasindni koplandrniho
DBD. Méreno v riznijch vzddalenostech od povrchu dielektrika. Krivky zndzornugi visledky
modelu, ktery predpokladal (¢erchované krivky) nebo nepiedpoklidal (souvislé krivky) zdroj
atomi vodiku na povrchu dielektrika. Publikovdno v [51].

dové vyssi nez v objemovém DBD. Atomy H mély vysokou koncentraci ve vrstvé tlusté
zhruba 0,3 mm, coz odpovida viditelné tloustce koplanarniho DBD, a pomoci diftze pro-
nikaly zhruba 1 mm od vyboje. éasovy vyvoj koncentrace H po vypnuti vyboje vykazoval
pomérné dlouhé ¢asové platoé a az po ném nastal ocekavany pokles. Doba zachovani kon-
stantni koncentrace zavisela na vzdélenosti od povrchu dielektrika — od priblizné 10 us
tésné u dielektrika po témér milisekundu ve vzdélenosti 1 mm. Existence platé byla vy-
svétlena diftizné-rekombinacnim modelem vytvorenym Davidem Truncem, ktery pied-
vedl, Zze dlouhé udrzeni vysoké koncentrace je zpusobeno diftizi atomt vodiku z oblasti
bliz k dielektriku, tedy z oblasti s jesté vyssi koncentraci. Existence plato v tésné blizkosti
dielektrika pak naznacila, ze povrch dielektrika zptisobuje nejenom ztraty reaktivnich ra-
dikalt povrchovou rekombinaci, ale ze muze slouzit i jako zdroj nebo rezervoar radikala,
které mohou z povrchu desorbovat a zvySovat koncentraci reaktivnich ¢astic v plynu.

V témér stejné aparature jsme metodou TALIF méfili také koncentraci atoméarniho
dusiku ve vyboji buzeném v dusikové atmosfére a ve smésich dusiku s kyslikem nebo vo-
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Obr. 3.4: C’asoprostomvg] vyvoj koncentrace Obr. 3.5: Prostorové rozloZeni koncent-

atomdrniho dusiku u povrchu dielektrika ko- race OH v koplandrnim DBD wve wvodni

plandrniho DBD. Pocdtek casové osy od-
povidd zapdleni vyboje, ubytek dusikovych
atomi po 2 ms je zpisoben vypnutim vijboje.
Nulovd pozice oznacuje centrum filamentu.
Obrdazek demonstruje difizi atomiu dusiku
z filamentu, ale také presun mazximdlni kon-
centrace N mimo vybojovy filament.

pare. Vinkované obdélniky zndzornuji po-
lohu pdskovyjch elektrod ukrytych v ke-
ramice. OH radikdly jsou koncentrovdany
v tenké vrstvé nad povrchem dielektrika
na obloukovyjch drahdch wvijboji premos-
tugicich mezielektrodovy prostor. Publiko-
vdno v [45].

dikem. Hlavni diraz jsme polozili na casovy vyvoj koncentrace dusikovych atomi béhem
zapalovani vyboje v ¢istém dusiku [59]. Opét jsme stanovili vysokou koncentraci radikala
v fadu 1022 m=3. éasoprostorovy vyvoj koncentrace dusikovych atomi umoziuje pozoro-
vat tvorbu, diftzi a zanik téchto radikali. Vyvoj béhem zapalovani vyboje obsahoval dva
zvlastni rysy: Prvnim byla skutecnost, ze koncentrace N prosla béhem zapalovani vyboje
maximem, pak vyrazné poklesla a jeji hodnota v ustaleném vyboji byla vyrazné nizsi
nez v maximu bé&hem zapalovani. Toto pozorovani lze vysvétlit pocateéni nepiritomnosti
reaktivnich ¢astic podilejicich se na destrukei atomarniho dusiku nebo vysokou teplotou
elektronti v prvnich fazich vyboje. Nabizi se proto zkusit zvysit efektivitu koplanarniho
DBD pomoci jeho pulzovani. Druhy zvlastni rys spocival v do¢asném prostorovém posunu
maxima konecntrace dusikovych atomi mimo oblast aktivniho vyboje. Toto pozorovani
zatim nedokazeme vysvétlit a pred jeho analyzou planujeme provést dalsi série obdobnych
méreni.

Za ucelem vytvoreni plazmatu se silnym oxida¢nim tc¢inkem a s jednoduchym, dobfte
definovanym ptsobenim na opracovavané povrchy, byl na Univerzité Komenského v Bra-
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tislavé sestaven mnohaelektrodovy koplanarni DBD pracujici v ¢istych vodnich parach.
Aby za atmosférického tlaku nedochézelo k nadmérné koncentraci vody, je cely reaktor
vyhfivan na teplotu 120°C. Ocekavalo se, Ze takovyto vyboj bude produkovat vysokou
koncentraci OH radikali, které pat¥i mezi nejsilnéjsi oxidacni ¢inidla viibec, a proto jsme
realizovali OES a LIF diagnostiku tohoto vyboje [45]. Kromé mnoha parazitnich jevii jsme
ovSem ve vodni pare museli ¢elit extrémné rychlému zhéseni, které snizovalo fluorescencéni
signal a zpusobovalo nerovnovazné rotac¢ni rozlozeni excitovanych stavi.

Prvni otazkou bylo, jestli vyboj produkuje zejména oxida¢ni OH radikaly, nebo jestli
je v ném i velké mnozstvi redukénich atomu vodiku, které také vznikaji pii disociaci
molekul vody. Optickd emisni spektroskopie naznacila, ze plazmatu zapalenému ve vodni
pére skuteéné dominuji OH radikaly (a Ze jejich excitované stavy jsou extrémné vibra¢né
a rotatné excitované), ale tuto skutecnost musela potvrdit fluorescence, kterd dokaze
detekovat zakladni elektronové stavy ¢astic. Nejprve jsme se pokouseli detekovat vodikové
atomy pomoci TALIF. Prestoze ve vyboji zapaleném ve vzduchu jsme fluorescenéni signal
H okamzité nasli, pridani vodni pary rychle utlumilo signal pod métitelnou tdroven a v ¢isté
vodni pafe byla koncentrace atomi H bezpeéné pod detekénim limitem metody (zde
10®-10 m~3) diky reakci H + H,O = Hy + OH [60]. Nemusime se proto obavat, 7e
redukéni reakce vodiku budou konkurovat oxida¢nimu uc¢inku OH radikalu a také vidime,
7e oSetfované povrchy budou vystaveny prakticky pouze jednomu typu jednoduchych
radikéla, coz je dilezité pro dobie definovanou tpravu povrchii.

Fluorescence OH radikali v koplanédrnim DBD ve vodni péare ukazala, ze jejich koncen-

trace je v fadu 102 m~3

, coz je 10x vice nez ve stejném vyboji iniciovaném ve vzduchu,
takze vyména vzduchu za vodni paru vedla kromé zjednoduseni spektra reaktivnich ra-
dikali i ke zvySeni koncentrace OH. Béhem periody budiciho napéti vyboje koncentrace
OH radikalua silné kolisala, doba zivota radikali byla ve vodni péfe i vzduchu pfiblizné
10 pus. I prostorové rozlozeni OH radikalii bylo zna¢né nehomogenni a dobfe korelovalo
s prostorovym rozlozenim zareni viditelného vyboje. Zatimco ve vzduchu lezela maxima
koncentrace OH nad hranami anody a nad centrem momentélni katody, ve vodni pare
tvorily koncentrace OH i viditelny vyboj obloukové drahy premostujici oblast nad mezie-

lektrodovym prostorem.

3.5 Atmosférické plazmové trysky

Atmosférické plazmové trysky, tedy vyboje zapalené vétsinou ve vzacném plynu proudicim
do okolni atmosféry, lze délit podle frekvence pouZzitého elektrického pole [61]: vyboje
vyuzivajici frekvence v fadu kHz mivaji charakter dielektrického bariérového vyboje,
trysky s frekvenci v fadu MHz jsou vétsinou kapacitné vazanymi vyboji a gigahertzové
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frekvence budi néktery typ mikrovinného vyboje.

Nejvic jsme se vénovali LIF hydroxylovych radikila v tzv. plazmové tuzce, tedy jedno-
polové argonové plazmové trysce buzené frekvenci 13,56 MHz uvniti kiemenné trubicky,
ze které plazma pronika do okoli. Prvni bodova méreni ukazala, Ze maximum koncentrace
OH lezi blizko $picky viditelného vyboje [47|. Néasledujici méteni jsme na zakladé napadu
Jana Vorace provedli s laserovym svazkem, ktery byl v jednom sméru zizeny a v dru-
hém roztazeny, takZe jsme skrz plazma posilali rovinu laserového zafeni [48|. Osa vyboje
lezela v této laserové roving, takze jsme jednim experimentem ziskali obrazek s prostoro-
vym rozlozenim koncentrace OH v celém fezu vyboje ,yyfukovaného* z plazmové tuzky.
Zjistili jsme, ze koncentrace OH je pomérné nizka v centru viditelného vyboje a relativné
vysokych hodnot dosahuje na okraji proudu argonu, kde se do argonu pirimichéva okolni
vlhky vzduch, jehoz vodni para je zdrojem OH radikalt. Maximum koncentrace OH lezelo
blizko spicky viditelného vyboje, tedy v misté se silnym elektrickym polem, nezanedba-
telnym mnozstvim primichaného vlhkého vzduchu a prosté také v misté, kde plyn mél za
sebou cestu celym vybojem.

Fluorescenéni méreni jsme zaroven pouzili i ke studiu proudéni argonu. Doba zivota
excitovanych OH radikali totiz zévisi na slozeni okolnich molekul, takze jsme z nameé-
fenych map dob Zivota mohli spocitat mapy mnozstvi vzduchu primichaného do proudu
argonu. Zmérené mnozstvi pfimichaného vzduchu dobfe souhlasilo s hodnotami pred-
povézenymi modelem proudéni. Méreni pfimichaného vzduchu potvrdilo vySe uvedené
vysvétleni, pro¢ je koncentrace OH vysoké po bocich vyboje. Dale se ukazalo, ze vidi-
telny vyboj hoti pouze v oblasti s témér ¢istym argonem. Jednotky procent primichaného
vzduchu stacily na to, aby zamezily protazeni vyboje do sledované oblasti. S rostoucim
prutokem Ar se proto vyboj protahoval, dokud nedoslo k prechodu z laminérniho do
turbulentniho proudéni, které zptisobilo intenzivnéjsi promichévani plynu a zkraceni vy-
boje. Prirozené i rozlozeni koncentrace OH zaviselo na prutoku Ar — protahovani vyboje
s rostoucim prutokem posouvalo pozici maxima koncentrace do oblasti vzdalenéjsich od
kifemenné trysky a pfechod do tubrulentniho rezimu proudéni pfivodil pokles koncentrace
OH. T¥eti sadou map, kterou jsme pomoci fluorescen¢nich méteni ziskali, byla prostorova
rozlozeni rotac¢ni teploty OH. Také teplota dosahovala maxima na S$pic¢ce viditelného vy-
boje nebo dokonce v jeji blizkosti vné vyboje a i na ni mél vliv pritok argonu — vyssi
prutok prirozené vedl k nizsi teploté plynu.

V DBD plazmové trysce budici 80 kHz vyboj v heliu jsme studovali vliv vlhkosti he-
lia na formovéani rychlych streamert, tzv. plasma bullets, a na koncentraci OH radikalu.
Ukézalo se, ze vlhkost He méa zasadni vliv na vzhled téchto streamerti a Ze pii nizké vlh-
kosti (20—30 ppm) ztraceji svij kulovy tvar a ziskavaji difuznéjsi charakter [62|. Naopak
pii vysoké vlhkosti (1000 ppm) prestéval za daného vykonu vyboj hofet. Vétsina téchto
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meéfeni je aktualné pfedmétem zpracovani.

I treti typ plazmové trysky — mikrovlnny vyboj — jsme studovali pomoci LIF OH
radikalu a TALIF atomérniho kysliku. Koncentrace kyslikovych i hydroxylovych radikala
zde dosahovala pomérné vysoké koncentrace 1022m—3. Mapa koncentrace OH radikalt
opét ukazala hlavni maximum blizko $picky vyboje, v nékterych pripadech se ale objevilo
i druhé maximum 6 mm za vybojem, kam sice uz nedosahoval viditelny aktivni vyboj,
ale kam mohou dospét argonové metastabily a kde se argon intenzivnéji promichaval
s okolnim vlhkym vzduchem laboratore. Pulzovani vyboje mélo vliv na koncentraci OH
— modulace vyboje s frekvenci 80 Hz vedla ke zvySeni koncentrace a zéniku druhého
maxima [54|, coz pravdépodobné souvisi se zménou proudéni plynu p#i jeho st¥idavé
expanzi a kompresi zptsobené pulzovanim teploty.
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Shrnuti

Vysokofrekvencni elektrické kmity samovolné generované plazmatem kapacitniho vyboje
mohou tento vyboj znatelné ovlivnit a prispivaji k jeho zajimavosti i pouzitelnosti. Na
poli vyvoje sondové diagnostiky se podarilo nejenom zpfesnit metodu méreni pritbéhu
potencidlu plazmatu i s jeho vys$imi harmonickymi frekvencemi, ale dotykame se i cile
ziskat pomoci sondy bez vf. kompenzace udaje, které doposud vyzadovaly kompenzovanou
Langmuirovu sondu. Namérené chovani v nizkotlakém i atmosférickém kapacitnim vyboji
souhlasi s vytvorenymi teoretickymi modely, které lze pouzit k vysvétleni pozorovaného
chovéni i k dalsim pfedpovédim, napt. k popisu dvou- a vicefrekvencénich vyboji. Ukazali
jsme, Ze vyssi frekvence mohou byt pouzity k citlivému monitorovani vf. reaktivniho
magnetronového naprasovani a ze ve viech zkoumanych procesech (reaktivni naprasovani,
PECVD deporzice a leptani uhlikovych vrstev) reagovaly vyssi harmoniky na stav povrchu
elektrody, tedy pravé na klicovy objekt mnoha depozi¢nich a leptacich procesu.

Fluorescenéni méreni se stalo zakladni metodou diagnostiky reaktivnich radikala v plaz-
matu. Tuto techniku se nam podarilo zpfesnit a vyuzit na studium rady vyboji buzenych
za atmosférického tlaku, véetné diagnosticky naro¢nych prostiedi jako napt. povrchovy
vyboj v ¢isté vodni pare. Jako pfiklady potvrzujici silu této diagnostické metody mo-
hou poslouzit vysvétleni role jednoatomovych radikalii v tzv. atomizéatorech vyuzivanych
v analytické chemii, potvrzeni vysoké koncentrace reaktivnich ¢astic v koplanarnich DBD,
stanoveni, ze atmosféricky vyboj ve vodni pare je ¢istym zdrojem jen jednoho typu reak-
tivnich radikalii, nebo nalezeni souvislosti mezi michanim plynu, koncentraci reaktivnich
castic, teplotou a délkou vyboje atmosférickych plazmovych trysek.
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Abstract

A method is presented that enables measurement of plasma potential waveforms. The method
consists of measurement by an uncompensated probe and analysis of the measured waveforms
by means of a model of the sheath around the probe. The method was successfully tested in a
nitrogen capacitively coupled discharge. The strong influence of the sheath around the probe
on the probe voltage and the correlation between the probe current waveform and the
discharge current are shown. At low pressures, the plasma potential waveform contains a large
amount of higher harmonic frequencies whose amplitudes are comparable to the amplitude of

the fundamental frequency.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The nonlinear nature of the VA characteristics of sheaths results
in the production of higher harmonic frequencies of discharge
voltage and current in capacitively coupled discharges [1].
Since sheaths are in contact with the plasma, the nonlinear
signal produced in sheaths induces electric oscillations in the
system of inductive plasma and capacitive sheaths [2]. These
oscillations have their eigenfrequency approximately equal to
the frequency of the so-called plasma-sheath (series) resonance
[3] and they amplify the amplitude of higher harmonic
frequencies produced by sheaths. Higher harmonics are
strong particularly at low pressures where electric oscillations
are not significantly damped by electron—neutral collisions.
Moreover, the plasma-sheath resonance frequency is relatively
low at low pressures and can be easily induced by the nonlinear
sheath oscillation. At pressures below 10 Pa the ohmic heating
caused by higher harmonic frequencies may even be the
dominant heating process in capacitive discharges [4].

The significance of higher harmonics is not only based
on the fact that they influence the plasma. Since higher
harmonics are very sensitive functions of plasma parameters
[5-7] and discharge parameters [8, 9], they are a suitable tool
for diagnostic and monitoring purposes. Higher harmonics
are used for the end-point detection of etching processes
[5], sensitive monitoring of reactive magnetron sputtering
[7], monitoring of dust growth [10] and the measurement of
electron concentration and collisional frequency [6].

0963-0252/10/025014+06$30.00

Higher harmonics can be measured by means of an
uncompensated probe immersed in the plasma or a segment
of the reactor wall that collects a part of the discharge current.
A third possibility is to provide a measurement of RF voltage
and/or current on the line between the power generator and
the powered electrode. However, none of these methods gives
direct information concerning the plasma potential waveform
since the measurement points are separated from the bulk
plasma, at least by a sheath. While the mean (dc) value of
the plasma potential is routinely measured by compensated
Langmuir probes, there is a lack of data describing changes in
plasma potential during the RF period. For the measurement
of plasma potential waveforms an uncompensated probe has
been chosen in this work since it is a very sensitive sensor
of higher harmonics, it is in closest contact with the bulk
plasma, and it is the only method suitable for space-resolved
measurements. Despite these facts, the relationship between
the signal measured by the uncompensated probe and the
plasma potential waveform has not, as yet, been clarified,
since the measured probe voltage waveform is affected by a
thin nonlinear sheath around the probe. The sheath influence
can be reduced when such a probe is used that minimizes the
RF current flowing to the probe and the RF voltage on the
sheath around the probe. This can be achieved by means of
a high-impedance probe [11-15]. Some of the cited works
neglect the sheath effect, others calculate the effect of the
sheath around the probe as though it was a capacitor. The

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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sheath capacity was estimated in [12] by means of the Child—
Langmuir law, whereas the work [11] uses a comparison of
measurements with probe terminated by various impedances.
These approaches are valid when the nonlinear sheath effects
are negligible. In general, the sheath around the probe should
be modelled as an element that has a specific nonlinear current—
voltage characteristic. Alternatively, the active compensation
of a Langmuir probe [16, 17] could be, in principle, used for
the measurement of plasma potential waveform. The active
compensation removes the RF voltage between the probe and
the plasma by driving the probe externally with the RF voltage
identical to the RF variation of plasma potential. The right
driving can be searched by tuning the amplitude and phase
of all frequencies that are externally driven to the probe and
looking for conditions that lead to the highest value of the
measured dc floating potential. However, the plasma potential
frequently contains more than ten harmonic frequencies with
high amplitude. Therefore, proper tuning of amplitudes and
phases of all the harmonics is highly problematic due to the
number of tuned parameters.

In this work, the nonlinear response of the sheath around
the probe is calculated. As a result, a method for the
evaluation of the plasma potential waveform by means of
an uncompensated probe is presented that takes into account
the complicated character of the sheath. Consequently, it is
not necessary to use a high-impedance probe or an active
compensation and the behaviour of an uncompensated probe
terminated with a low impedance is analysed.

2. Experimental arrangement

The experiments were carried out in a spherical (i.d. 33 cm)
stainless steel reactor with two horizontally mounted, parallel,
stainless steel electrodes of 80 mm diameter. The upper
electrode, embedded in a grounded ring, was driven at a
frequency of 13.56 MHz. The bottom electrode was grounded.
Their distance was 40mm. The reactor was evacuated
by a turbomolecular pump with a membrane pump. The
pressure was varied within the range 0.5-23 Pa, dc self-bias
on the powered electrode varied within —140 to —200V
showing an asymmetry of the discharge. The value of the RF
power delivered to the discharge was 40 W. The RF voltage,
RF current and dc self-bias on the powered electrode were
measured on the coaxial cable between the matching unit and
the reactor. Plasma parameters, i.e. electron concentration,
mean electron energy and mean (dc) plasma potential, were
measured by a compensated Langmuir probe (ESPion, Hiden
Analytical).

The plasma potential waveforms were measured by means
of an uncompensated probe made from a 10 cm long metallic
wire with diameter 0.21 mm. This wire was immersed in
the plasma and connected by a 502 coaxial cable to an
oscilloscope with an input impedance of 50 2. An example of
the waveform measured by the uncompensated probe is shown
in figure 1, which clearly demonstrates a high proportion of
higher harmonics in the probe waveform. In the same figure,
there is a comparison with an uncompensated probe waveform
measured by an oscilloscope with an input impedance of 1 M2
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Figure 1. Voltage measured by the uncompensated probe
terminated with impedance 50 2 (black curve) and 1 M2 (red) and
probe voltage measured when no discharge was present (blue).

showing a strong influence of the oscilloscope input impedance
on the measured data. This comparison demonstrates the
necessity to have equal values of the coaxial cable and
oscilloscope input impedance. In addition, figure 1 contains
the signal measured by the probe when no plasma is present
showing the monofrequency sinusoidal signal coming from the
power generator. Higher harmonic frequencies are present in
the probe waveform only when the plasma with its nonlinear
sheathsisignited. A final analysis of the presented data showed
that this 10 cm long probe terminated with 50 2 may collect
a substantial part of the discharge current (see figure 5) and
thereby influence the discharge. Therefore, it is recommended
to use a shorter probe in order to reduce the effect on the
discharge. Moreover, a shorter probe will enhance possibilities
of space-resolved measurements.

3. Sheath model

Since the probe tip and the plasma are separated by a sheath,
the waveform of the probe voltage and the plasma potential
differ. Consequently, it is necessary to solve a model of the
sheath in order to obtain the plasma potential waveform. For
this purpose, a model was developed that takes into account the
nonlinear nature of the sheath. The model takes into account
three ways by which electric current can flow through the
sheath:

1(1) = Ia(0) + I (1) + i, ey

where [ represents the total current flowing to the probe, I4
the displacement current, /. the electron current and /; the ion
current. The ion current is assumed to be constant during the
whole RF period. For the electron current the formula

enS |8kT,
I.(t) = —— exp
4 TMe

eU (1) } )

kT,

isused where e represents the elementary charge, n the electron
concentration in the bulk plasma, S the probe surface area,
k the Boltzmann constant, 7. the electron temperature, i,
the electron mass and U is the probe sheath voltage, i.e.
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U(t) = Upn(t) — Uy(t), where Uy, denotes the instantaneous 600
plasma potential and U, the probe voltage. In order to calculate
the displacement current some assumptions concerning the < 400
sheath structure must be made. The model assumes that % g
the concentration of ions is constant in the sheath and equal § 200 =
to the electron concentration in the undisturbed plasma (). § 0 g
In addition, the electron concentration inside the sheath is S 2
assumed to be small enough to have only a negligible effect on % 200 %
the space charge. These assumptions lead to the formula % 2
5 -400
S ds() ©
lo(t) = en 5=~ 3) 00

where r;, denotes the probe radius and s the time-varying radius
of the sheath, i.e. s — r, represents the instantaneous sheath
width. The supposed sheath structure leads to the following
formula for the sheath voltage:

U= o (2.92 lni — 52+ rz) “4)
4gq Tp p

and its derivative

dU p s
—=Il3j—In—. 4)
dr 0S8 p
The presented model assumes that the probe potential is less
than the plasma potential during the whole RF period. In
rare situations when the probe potential exceeds the plasma
potential, an equation describing the current flowing to a probe
at U < 0 should be added to the model. Eventually, the probe
could be biased negatively in order to prevent this situation.
The probe current flows through the coaxial cable to
the input impedance of the oscilloscope where it causes the
measured voltage U, = [ - Zy (Zp = 502). Therefore, the
probe current waveform is known and it is possible to use this
known quantity in the calculation of changes in the sheath
voltage. At the beginning of the procedure, the displacement
current should be calculated by means of equations (1) and (2).
Then, equation (3) enables one to get the derivation of the
sheath radius which can be used for the calculation of sheath
voltage derivation by means of equation (4). Afterwards, the
sheath voltage waveform during the whole RF period can
be obtained by numerical integration when at each step the
actual sheath voltage derivation must be calculated by means of
equations (1)—(4). Finally, the plasma potential waveform can
be calculated as a sum of the sheath voltage and the measured
probe voltage:

Upi(t) = U (1) + Us (1). (©)

However, the value of the ion current that is included
in equation (1) and the initial sheath voltage needed in
equation (2) are not known. The ion current value can be
obtained by means of the fact that the sheath voltage is a
periodical function of time with a known period. Therefore,
the displacement current value averaged during a RF period is
zero which leads to the value of the ion current I; = (1) — (I.).
Consequently, the ion current value can be fitted so that the
calculated sheath voltage (or plasma potential) was a periodical

0 10 20 30 40 50 60 70
time [ns]

Figure 2. Calculated displacement (black curve) and electron
(red) currents flowing to the uncompensated probe at nitrogen
pressure 6 Pa.

function of time or, equivalently, so that the sum /; + (1) + (13)
was equal to the mean value of the total measured current (/).
The initial sheath voltage can be fitted so that the mean value of
the calculated plasma potential was equal to the value obtained
by another measurement technique, for example by means of
a compensated Langmuir probe. It is advisable to provide the
compensated Langmuir probe measurements also in order to
get the values of electron concentration and temperature that
should be used in equations (2)—(4). Unfortunately, fitting
the two parameters (ion current and initial sheath voltage)
somewhat complicates the numerical procedure.

Figure 2 shows the calculated waveforms of displacement
and electron currents flowing to the uncompensated probe.
The figure demonstrates that the displacement current usually
dominates the probe current. Consequently, the presented
method is not sensitive to errors made by the estimation of
plasma parameters (electron concentration and temperature)
that are necessary for the evaluation of the electron current.
In our case, even neglecting electron and ion currents did not
cause any visible change in the calculated plasma potential
waveform. Therefore, in some cases model (1)—(4) can be
simplified and only the equations (4), (5) and I; ~ [ must
be taken into account. Moreover, fitting of the ion current
does not occur in this simplified case. Nevertheless, all results
shown in this work were calculated by the complete model
(1)—(4). The fact that the electron current is usually an almost
negligible part of the probe current complicates the possible
effort of using an uncompensated probe for the estimation of
electron concentration and temperature. However, this subject
lies outside the topic of this paper.

4. Test of the method

In order to test the described model the probe was externally
biased to various dc potentials which lead to significant
changes in the probe sheath thickness. In this series of
measurements the oscilloscope impedance was set to 1 M2
and the coaxial cable was terminated by a 50 Q terminator
with a capacitor which blocked the dc current, as depicted in
figure 3(b). Its capacity had a high value in order to short
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Figure 3. Schema of the uncompensated probe circuit. Usually, the probe is connected via a coaxial cable directly to an oscilloscope with
input impedance 50 2 (a). In order to test the method the probe was externally biased (b).
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Figure 4. Plasma potential waveforms obtained at various biasing
of the uncompensated probe at nitrogen pressure 6 Pa. Red, green,
blue and black curves represent waveforms obtained by means of
probe biased to 0V, —10V, =20V and —40V, respectively.

out RF current and it was connected to a dc source via a coil
that prevented the RF current from flowing to the dc source.
(Except for this test, the coaxial cable was connected directly
to the oscilloscope with an input impedance of 50 2.) The
dc voltage of the capacitor was set to various values in the
range from —40 V. The measured signal differed for various
bias voltages having its maximum amplitude at dc bias equal
to the ‘floating’ potential of the uncompensated probe, i.e. to
the dc potential of the uncompensated probe connected to an
oscilloscope with a high input impedance (approximately 4 V,
see figure 1). A biasing voltage higher than this value led to
a short collapse of the probe sheath (U < 0) during each RF
period, which could not be described by model (1)—(4).

The model was applied to this series of measurements
performed at various biasing of the probe and a series of
plasma potential waveforms was obtained. Since the probe
is small enough not to influence the plasma significantly, all
the obtained plasma potential waveforms should be identical
in an ideal case. Even if the sheath voltage was varied
by more than 200% during this test, the calculated plasma
potential waveforms were approximately identical as is shown
in figure 4. Consequently, the presented method can be
considered to be reliable.

The plasma potential waveform calculated in the presented
test varied by a maximum of 8% when the mean sheath
voltage was changed by 100%. Since 100% is a strong
change, we can conclude that the uncertainty of the presented
method is lower than 8%. This uncertainty visible in figure 4
could be caused by many effects. The first is a possible

perturbation of the plasma by the probe current that was
described in section 2. We can exclude this possibility since
a decrease in probe current by increasing the probe sheath
thickness would lead to less perturbation, i.e. to an increase in
plasma potential amplitude. However, the opposite effect was
observed. Further, it was checked that a deviation of probe
termination impedance depicted in figure 3(b) from 50 2 had
no notable effect on the measurement. Finally, it was checked
that voltage waveforms on the probe tip are identical to the
waveforms measured by the oscilloscope, i.e. that the finite
impedance between the probe and the ground had almost a
nonmeasurable effect on the measurement. Consequently, the
relatively small differences between the curves in figure 4 seem
to be caused by simplifications in model (1)-(4), namely by
the assumption of constant ion density in the sheath.

5. Plasma potential waveforms

A strong difference between the measured probe voltage
waveform and the plasma potential waveform is clearly visible
infigures 1 and 4. Also the measurement performed with ahigh
input impedance of the oscilloscope (figure 1) significantly
differs from the plasma potential waveform. These differences
demonstrate that the sheath around the probe has a high
influence on the measurement of plasma potential and that it
is necessary to use model (1)—(4). Increasing the impedance
between the probe and the ground can reduce this drastic
influence of the sheath around the probe [11].

The obtained plasma potential waveform was used for the
calculation of discharge current which was then compared with
the measured probe voltage. In order to get the discharge
current waveform a simplified model of the sheath at the
grounded electrode was made which supposed a constant ion
density in the sheath. This model neglected the electron and
ion current and took into account only the displacement current
flowing to the electrode. The current flowing to the grounded
reactor walls was neglected. These assumptions led to a rough
estimation of the discharge current:

nee dUpl

s 7
2Up1 dr ™

Liiseh = SE

where Sg is the electrode area. This estimation of the discharge
current is compared with the uncompensated probe current in
figure 5 clearly demonstrating a strong correlation between
these two quantities.

The plasma potential waveforms obtained at nitrogen
pressures 3 Pa, 6 Pa and 18 Pa are shown in figures 6, 4 and 7,
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Figure 5. Waveform of the probe current (black) and a rough
estimation of the discharge current (red, 10x reduced).
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Figure 6. Two periods of plasma potential at nitrogen pressure 3 Pa.
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Figure 7. Two periods of plasma potential at nitrogen
pressure 18 Pa.

respectively. A large amount of higher harmonic frequencies
is evident, particularly at low pressures, since they are not
significantly damped by electron—neutral collisions and are
amplified by plasma-sheath resonance. At pressure 3 Pa the
amplitude of higher harmonic frequencies is even comparable
to the amplitude of the fundamental frequency (13.56 MHz).
As can be seen in figures 6 and 4 the oscillation of the system
of plasma glow and sheaths is ignited, namely during the

fast decrease in the plasma potential which is related to the
time of expansion of the sheath at the powered electrode.
On the other hand, at a higher pressure (18 Pa, figure 7) the
oscillation of the system is effectively damped by collisions of
electrons with neutrals and the amplitudes of higher harmonics
are relatively small when compared with the situation at a
lower pressure. However, a significant deviation from a
monofrequency sinusoidal waveform is still present.

6. Conclusion

A method was developed that enables the measurement
of plasma potential waveforms. The method consists of
measurement by an uncompensated probe and analysis of
the measured waveform by means of a model that calculates
the voltage of the nonlinear sheath around the probe. The
model requires a knowledge of plasma parameters (dc plasma
potential, electron concentration and temperature) that can
be measured by means of a compensated Langmuir probe.
However, the method is not very sensitive to errors made
by the estimation of these parameters, since the electron
and ion currents flowing to the probe are usually negligible
when compared with the displacement current. In addition,
the dominance of the displacement current enables the
modification of the presented model to a simpler numerical
form that does not depend on the electron temperature at all.
The presented method was successfully tested in a nitrogen
capacitively coupled discharge.

It was shown that the waveforms of plasma potential
and voltage measured by the probe differ significantly, which
demonstrates a strong influence of the sheath around the probe
on the measured data. The waveform measured by the probe
was strongly correlated with the discharge current. At low
pressures, the plasma potential waveform contained a large
amount of higher harmonic frequencies that were ignited,
namely during the fast expansion of the sheath at the powered
electrode.
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Abstract

Electric characteristics of capacitively coupled discharges were calculated, including their
nonlinear behaviour and generation of higher harmonic frequencies of discharge current and
voltage. The discharge was modelled as a series combination of the bulk plasma, two
nonlinear sheaths and a radio frequency generator. Comparison of the results of the model
with an experiment is discussed. The model was used for studying the waveforms of discharge
current and sheath voltages and generation of higher harmonic frequencies at a wide range of
discharge parameters. Coupling of higher harmonic frequencies, discharge asymmetry and
discharge voltage was demonstrated. The effects of plasma—sheath resonance and other

phenomena on the discharge behaviour were shown.

(Some figures may appear in colour only in the online journal)

1. Introduction

Capacitively coupled discharges have been widely used for
numerous decades for plasma deposition, etching, surface
treatment, dust formation, etc. Therefore, much effort has
been devoted to the theoretical modelling of these discharges,
which resulted in the development of the so-called global
model (see, e.g., [1]) or Monte Carlo—particle-in-cell (PIC)
simulations (see, e.g., [2—4]). However, most of these works
did not take into account the nonlinear nature of capacitive
discharges or were restricted to symmetric discharges with
equal electrode areas, where the nonlinear behaviour of the
plasma is suppressed.

The nonlinear nature of capacitive discharges is caused by
sheaths, areas with a high spatial charge, that spontaneously
develop between the bulk plasma and electrodes. Their
nonlinear character leads to the production of higher harmonic
frequencies of discharge current and sheath voltages [5].
Amplitudes of higher harmonic frequencies can be very
high [6, 7], even higher than the amplitude of the fundamental
frequency supplied by the radio frequency (RF) generator [8].
Higher harmonics reach high amplitudes usually at a low
pressure, where they are not significantly damped by collisions
between electrons and neutrals, especially if they reach the

0963-0252/13/045016+10$33.00

(series) plasma—sheath resonance [9, 10]. The plasma—sheath
resonance occurs if the inductance of the bulk plasma resonates
with the capacitance of sheaths, i.e. approximately at the
angular frequency of the electric field:
Wpe

RN v
where wy, is the plasma frequency of electrons, L is the length
of the bulk plasma and ¢, is the total thickness of both sheaths.
Consequently, higher harmonic frequencies can have a
significant influence on the plasma. They contribute to plasma
heating [8] and ionization [11] (higher frequencies are more
effective in ionization than the fundamental frequency [1]),
and they can produce a spontaneous electrical asymmetric
effect [12, 13], which influences the ratio of sheath voltages.
The time-dependent capacity of the sheath and the resulting
generation of higher harmonics were also observed at higher
pressures close to 1 kPa [14].

Since higher harmonics sensitively react to plasma
parameters such as electron concentration and collision
frequency or discharge asymmetry, they can be used for
monitoring plasma processes. They are used, e.g., for
monitoring the end-point detection of etching processes
[15, 16], monitoring the compound layer on magnetron targets

© 2013 IOP Publishing Ltd ~ Printed in the UK & the USA
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[17,18] or dust growth [19-21] and for the measurement of
electron concentration and collision frequency [22].

Efforts were made to calculate the nonlinear behaviour
of capacitive plasmas and the production of higher harmonic
frequencies [22-25]. Some of the models reached good
agreement with experiments but they were restricted to
extremely asymmetric discharges where the influence of the
sheath at the grounded electrode was neglected, eventually
to purely symmetric discharges that do not describe the real
situation in most of the experiments. Some of the models
expected only a monofrequency waveform of the voltage at
the powered electrode neglecting higher harmonic frequencies
of the discharge voltage. Therefore, this work deals with
modelling of capacitively coupled discharges with various
levels of discharge asymmetry and focuses on the behaviour
of higher harmonic frequencies produced by the discharge.

2. Description of the model

2.1. Basic model equations

In this model, the discharge is described as a series combination
of two nonlinear sheaths, the bulk plasma and an RF generator
with 50 2 output (figure 1). The bulk plasma conductivity (o)
is given by the equation

I’le2

= ——— +iwey, 2
m(v +iw)

where n is the electron concentration, e is the elementary
charge, m is the electron mass, v is the momentum-transfer
collision frequency of electrons, w is the angular frequency of
the electric field and gy is the vacuum permittivity. The term
ne*/[m(v + iw)] describes the electron motion, and the term
iwe( describes the displacement current flowing through the
space. Equation (2) can be used for the estimation of bulk
plasma impedance:

G G V+iw

Zpuk = == 3
ne? . 2 243 ’
&y w5, — W +1Vw
m(v+iw) +1weo 0 ©pe
2
en
W, =—, C))
mego

where . is the electron plasma frequency and G is a
geometrical factor that would be in a homogeneous bulk
plasma with length L and cross section area S equal to
G = L/S. The real geometry of the bulk plasma and
spatial variations of electron concentration can lead to a
more complicated relation for G and eventually to a more
complicated relation for Zyy.

The sheaths are treated as areas with constant
concentration of positive ions equal to n. The spatial
distribution of electrons is treated as stepwise, i.e. the electron
concentration at the sheath edges is n and there are no electrons
inside the sheaths. The intensity of the electric field at
the plasma—sheath edges is assumed to be negligible when
compared with the electric field inside the sheaths. In the
sheaths, only a displacement current is taken into account

in the basic model equations. These assumptions lead to
the following relations between sheath voltage (u;), sheath
thickness (x) and electric current (i):

Uy = 2 x2 )
s 280 E)
. dx
i = tneS;—, (6)
dr

where S; is the sheath (or electrode) area and 7 is the time. The
sign in equation (6) is positive when the current direction is
chosen from the plasma to the electrode. The nonlinear VA
sheath characteristics (5)—(6) is the source of higher harmonic
frequencies of discharge current and voltage.

In this work, the powered electrode is connected to an
RF voltage generator with frequency 13.56 MHz and output
impedance Z, = 50. However, this model can be used
for the solution of double [12,13,26] or multifrequency
[27,28] discharges as well if the higher frequencies are
integer multiples of the lowest frequency. For simplicity, the
influence of the transition line between the RF generator and
the powered electrode including the matching box, cabling,
powered electrode geometry and capacitive current flowing to
the grounded ring around the powered electrode is not taken
into account. It is expected that the dc current is blocked
by a capacitor, but the influence of this capacitor on the RF
components of the discharge current is neglected. The RF
voltage produced by the generator u, is the sum

ug:uB+ubulk_uA+Zgi» (7)

where u, and up are the sheath voltages at the powered
and grounded electrodes, respectively, and upy is the bulk
plasma voltage. The relation between the bulk plasma voltage
and the discharge current is described by the bulk plasma
impedance (3). Equation (7) is also valid for dc components
with the exception that the dc bias upj,s = (up) — (u4) at the
powered electrode must be used instead of the dc component
of the generator voltage since the dc current is blocked by the
blocking capacitor.

2.2. Fourier transform of model equations

Since capacitively coupled discharges are known to produce
only a limited number of higher harmonic frequencies, the
model equations were transformed by the discrete Fourier
transform, which is defined by the following relations between
N values of the equidistantly sampled quantity {y;} and its
Fourier picture {Y}}:

N
1 e
¥ =g 2 Ve ®)
k=1
N *k=D(—1
Ye=) ye v ©)
j=1

In order to describe the dc component and H harmonic
frequencies (including the fundamental frequency 13.56 MHz)
of discharge characteristics, it is necessary to sample one RF
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period by N = 2H + 1 points. It is advantageous to use the
fact that all the physical quantities used in equations (5)—(7)
have real values. For real {y;} it can be shown that H of {¥}}
elements are only complex conjugates of other {Y;} elements:

Yo=Y o fork=H+2,....N.  (10)

This will reduce the number of model equations that have to
be solved from 2H + 1 to H + 1. From the {Y};} values the
mean value of the quantity y can be found as (y) = Y;/N and
for 2 < k < H + 1 the amplitude of the signal with angular
frequency wy_y = 2m(k — 1)/ T can be found as 2,/Y; Y /N,
where T denotes the RF period.

In order to transform equation (7), it is necessary to express
the square x? in equation (5) and the derivative in equation (6)
into their Fourier pictures, which leads to

2
ﬁNUsk—ZXZ X, (11)
fk+1—1, fork > 1,
k+1—1+N, fork <l
and ’
= Hi(k — 1)7”SsneXk, (12)

where {Ugx}, {X;} and {I;} are the Fourier pictures of the
sheath voltage u,, sheath thickness x and discharge current
i, respectively, and T is the RF period. Furthermore, the
model treats the discharge with two sheaths A and B that are
developed at electrodes with areas S4 and Sp, respectively.
The current continuity leads to

dXA de
Spg——— =—-Sp —, 13
A, B4 (13)
Sa
XBkz_?XAkv fOI’k;ﬁ], (14)
B

where indices A and B denote the thicknesses of the
corresponding sheaths.

Now, equation (7) can be transformed by means of
equations (11), (12) and (14) to the system of equations

2 S Sa\
NUGkﬁ:—ZXAk XA1+7AX31 + 24 -1
ne SB SB

N
dme
x> X a1 Xap —iN o) (k= 1) Xax,
=2
Ik
fork=2,...,H+1, (15)

2¢e S 2 al

0 2 2 A 2:
NU 7——X +X + - —1 XX —1y
G1 Al Bl (S) o I AN+2-1

(16)
where
fork > 1,

_Jk+1—-1,
fork <1,

k+1—1+N,

XAj:XI";(N+27j>, forj=H+2,...,N

bulk ol blocking
ulk plasma
sheath B sheath A capacitor

[

Figure 1. Electric schema of the discharge circuit that is solved in
the model.

and {Ugy} is the Fourier picture of the generator voltage with
the exception of the dc component Ug; that is connected
to the dc bias by the relation Ug; = Nupiys. The system
of H + 1 equations (15) and (16) contains H + 3 unknown
variables X1, ..., Xa+1), X1 and Ug;. The remaining
two equations can be obtained from features of the two
sheaths, as is described in the next section. The system of
equations (15) together with the two remaining equations (21)
were numerically solved by means of the optimization toolbox
in Matlab. The code can be downloaded from [29].

2.3. Mean values of sheath voltages

The model described by the schema in figure 1 cannot give
equations for dc values of sheath voltages. Therefore, there
are two excess unknown variables in equations (15) and (16).
When the model (15)—(16) is compared with an experiment,
the dc values of sheath voltages (1 4) and (u ) can be inserted
into the model from Langmuir probe measurements and the
unknown variables X 4; and X p; can be obtained by means of
equations

N

UAIN — =Xi+ ZXAI Xaw+2-1)
1=2

UpN % = X + (iz) ;XAI Xavz-n,  (18)
where Uy = N{u,) and Ug; = N{up). However, for the
application of the model it would be useful to predict these
values theoretically.

A possible solution could be obtained by means of an
approximate assumption that the minimum thicknesses (or
voltages) of both sheaths are zero, i.e. that during each
RF period the bulk plasma touches both electrodes. This
assumption was tested but it led to strong disagreement both
with an experiment and with the requirement of zero dc current
flowing though the discharge.

A better possibility is to use the mentioned requirement
that there is no dc current flowing through sheaths. The mean
electron (j_) and ion (j,) current densities through a sheath
can be estimated by

an

. 1 8kT, el (19)
_ = —ne xp | — ,
=5 7w P\ Tk
. kT,
Jj+ = nevg = ne | —, (20)
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where k is the Boltzmann constant, 7. is the electron
temperature, vg is the Bohm velocity and m, is the ion mass.
The requirements for zero dc currents in both sheaths leads to
the two desired equations

euy eupg 2wm
expl——))=(exp| — ) ) = .
PA\7%m, P\7%m m,
Therefore, the values of X4, and Xp; were numerically
fitted so that equation (21) was fulfilled for both sheaths.
Equations (19)—(21) are valid if the electron energy distribution

function (EEDF) is Maxwellian. The real EEDF shape can
deviate from Maxwellian, as discussed, e.g., in [30].

21

3. Comparison with an experiment

The results of the model were compared with plasma potential
waveforms measured in a low-pressure capacitively coupled
discharge ignited in nitrogen at pressures between 0.5 and
25Pa. The experiments were carried out in a spherical (i.d.
33 cm) stainless steel reactor with two horizontally mounted,
parallel, stainless steel electrodes of 80 mm diameter. The
upper electrode, embedded in a grounded ring, was driven
at a frequency of 13.56 MHz. The bottom electrode was
grounded. Their distance was 40 mm. The value of the RF
power delivered to the discharge was 40 W. The dc bias on
the powered electrode varied within —140 to —200 V showing
an asymmetry of the discharge. The RF voltage, RF current
and dc bias were measured on the coaxial cable between the
matching unit and the reactor.

The plasma potential waveforms were measured by means
of a low-impedance uncompensated probe made from a
10 cm long metallic wire with diameter 0.21 mm, which was
connected by a coaxial cable to an oscilloscope. Construction
details and the evaluation method of uncompensated
probe measurements are described in [7]. The electron
concentration, mean electron energy and mean (dc) plasma
potential were measured by a compensated Langmuir probe
(ESPion, Hiden Analytical).

Unfortunately, not all of the model parameters were known
from the experiment. Whereas the area of the powered
electrode (S,4) is known, it is difficult to determine the effective
area of the grounded electrode (Sp) since other grounded
reactor parts contribute by an unknown value to the area of
the grounded electrode. Moreover, the spread of the discharge
to these grounded reactor parts makes it practically impossible
to determine the geometrical factor G in equation (3). Finally,
the cascade matrix of the electric cabling between the RF
generator and the powered electrode was not determined in the
experiment. Consequently, there can be a significant difference
between the RF voltage amplitude measured on the coaxial
cable and the real voltage amplitude on the powered electrode.
Therefore, the quantities S, G and Ug, were obtained by
fitting the model results to the measured plasma potential
waveform.

A fit of the model to experimental results is shown in
figure 2. The model agrees well with experiments performed
at pressures above 10 Pa but there is only partial agreement at

70

= experiment

plasma potential [V]

0 10 20 30 40 50 60 70
time [ns]

Figure 2. Measured and calculated waveforms of plasma potential
in a capacitive discharge ignited in nitrogen at 18 Pa.

lower pressures. It was found recently that at pressures below
10 Pa there is serious disagreement between plasma potential
measurements made by various types of uncompensated
probes. Therefore, the model cannot be compared with reliable
experimental data at these pressures. Efforts are made to
improve methods of plasma potential waveform measurements
but they lie outside the scope of this work.

Since the agreement of the model with an experiment
was confirmed in the case of pressures above 10Pa, most
of the results presented in the next section were calculated
under conditions related to the fit in figure 2, i.e. for nitrogen
pressure 18 Pa, momentum-transfer collision frequency of
electrons v = 3.1 x 108 s~!, measured electron concentration
5.4x 10" m~3 and fitted values Sz /S4 = 2.97,G = 11.8m™!
and UGZ =229 V.

The ion concentration profile in sheaths strongly
influences the sheath thickness and electron heating but it has a
smaller effect on the VA characteristics of sheaths. For electric
behaviour of sheaths the used assumption of constant ion
concentration is equivalent to an assumption of linear increase
in the electric field inside a sheath, which agrees relatively
well with both PIC simulations [2] and measurements [10]. In
order to test the assumption of constant ion concentration, a
single sheath model was made that calculated the displacement
current flowing through a sheath from a known sheath voltage
waveform and that enabled us to work with various more
realistic spatial ion concentration profiles. The displacement
current flowing through a sheath in the fitted solution of
equations (15), (16) and (21) was compared with this model
of a single sheath with decreasing ion concentration and good
agreement was observed. Consequently, the assumption of
the constant ion concentration did not lead to a significant
distortion of the model.

Finally, it was tested that the measured dc sheath voltages
were in agreement with equation (21).

4. Results and discussion

4.1. Calculated discharge characteristics

The model enables us to study the waveforms of the discharge
current, sheath voltages, plasma bulk voltage or plasma
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Figure 3. Waveforms of the discharge current at various electron
collision frequencies 3.1 x 107 s™! (black), 1 x 10¥s7! (red),
3.1 x 108 s™! (blue) and 3.1 x 10° s~! (green).

potential and their dependences on various plasma parameters
such as electron concentration or collision frequency, discharge
voltage, electrode distance, etc. The model enables us to study
the reaction of plasma upon a change in a single parameter,
which cannot usually be achieved by an experiment, where a
change in one parameter leads to spontaneous changes of other
parameters (e.g. an increase in discharge voltage leads to an
increase in electron concentration). Most of the dependences
presented in this work are connected to the fit shown in figure 2,
i.e. nearly all of the parameters correspond to the nitrogen
discharge ignited at pressure 18 Pa and RF power 40 W (see
section 3) and only one selected parameter is varied.

Typical calculated waveforms of the discharge current
are shown in figure 3. During the expansion of the sheath
at the powered electrode (sheath A), eigen-oscillations of
the system of bulk plasma and sheaths are ignited, which
have the frequency of the series plasma—sheath resonance [9].
Since these oscillations are damped by electron collisions,
they are strong at a low electron collision frequency (i.e.
at low pressure) and weak at a high collision frequency.
Typical waveforms of sheath voltages are shown in figure 4.
At a low electron collision frequency the sheath voltage
waveforms include visible eigen-oscillations of the plasma—
sheath system, but also at high collision frequencies the
sheaths show deviations from sinusoidal waveforms, as will
be discussed in section 4.3.

It is known (e.g. [1]) that models of a geometrically
symmetric discharge with constantion concentration in sheaths
do not lead to the generation of higher harmonics of discharge
current even if the sheath voltages and plasma potential include
the second harmonic frequency. An increase in the geometric
asymmetry of the discharge (i.e. ratio of electrode areas)
leads to higher production of higher harmonics, which is
demonstrated in figure 5.

4.2. Plasma and plasma—sheath resonances

Discharge impedance strongly depends on electron concen-
tration. The primary effect of an increase in electron con-
centration is an increase in the first term in the bulk plasma

Figure 4. Waveforms of sheath voltages at electron collision
frequencies 3.1 x 107 s~! (black) and 3.1 x 103 s~ (blue).
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Figure 5. Amplitudes of higher harmonic frequencies of discharge
current as a function of the electrode area ratio Sg/S4.

conductivity equation (2). However, during the change in elec-
tron concentration two resonance phenomena can occur, which
can significantly affect the plasma impedance. The first phe-
nomenon is the increase in bulk plasma impedance when the
angular frequency of the electric field is close to the plasma
frequency wpe. This bulk plasma impedance increase is lim-
ited due to collisions between electrons and neutrals, but it
can effectively reduce the discharge current. The consequent
decrease in RF modulation of sheath voltages leads to a drop
in the generation of higher harmonic frequencies, as will be
shown in section 4.4. The resulting decrease in the higher har-
monic frequencies of the discharge current is demonstrated in
the left part of figure 6.

When the electron concentration is increased and the
resonance with the plasma frequency is left, higher harmonics
of the discharge current strongly increase. The increase
is supported by the second resonance phenomenon, the
(series) plasma—sheath resonance. According to equation (1),
harmonics with higher order resonate at a higher electron
concentration than harmonics with lower order. For example,
the fourth harmonic frequency resonates in our case at an
electron concentration of 3x 10'* m=3. Itcanbe seenin figure 6
that its amplitude increases approximately 300 times before
this concentration. Whereas amplitudes of higher harmonics
of sheath voltages or plasma potential reach clear maxima at
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Figure 6. Amplitudes of harmonic frequencies of discharge current
as a function of electron concentration. The 1st frequency is the
fundamental frequency 13.56 MHz; the other curves represent
higher harmonic frequencies.
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Figure 7. Amplitudes of several harmonic frequencies of discharge
current as a function of the electron collision frequency.

the plasma—sheath resonance, amplitudes of current harmonics
continue to grow even at electron concentrations above the
plasma—sheath resonance. The growth of current is caused by
both an increase in bulk plasma conductivity and a decrease
in sheath widths. At a very high electron concentration the
growth of the current is limited by the 50 €2 resistor (Zy).

4.3. Effects of momentum-transfer collision frequency of
electrons on the discharge

When the electron collision frequency is lower than the
angular frequency of the electric field, the effect of v in
equation (2) is small when compared with the term iw and
the collision frequency does not have high influence on the
plasma behaviour. For this reason, there are only small changes
in the current or sheath voltage at v < 10%s~! in figures 7
and 8. When the collision frequency is increased above
this value, the bulk plasma conductivity and the discharge
current strongly decrease, as shown in figure 7. The fast
attenuation of discharge oscillations is visible in figure 3 as
well. The increase in bulk plasma impedance (see figure 9) is
followed by a decrease in RF voltage modulation of sheaths
that leads to a decrease in the generation of higher harmonics
of sheath voltage, as shown in figure 8 and further discussed
in section 4.4.

4th
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Figure 8. Amplitudes of several harmonic frequencies of sheath A
voltage as a function of the electron collision frequency.
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Figure 9. Norm of impedance of bulk plasma and sheaths as a
function of the electron collision frequency for several frequencies
of the electric field. The st frequency is the fundamental frequency
13.56 MHz; the other curves represent higher harmonic frequencies.

However, the decrease in bulk plasma conductivity is
limited by the capacitive term iweg. At high collision
frequencies (in our case above approximately 2 x 10'0s~!)
the capacitive term dominates, and the collision frequency
ceases to decrease the plasma conductivity and amplitudes of
discharge current and sheath voltages reach an approximately
constant value. The model predicts that due to the nonlinearity
of equations (5) and (6), higher harmonic frequencies of
the discharge current and voltages do not disappear at any
value of collision frequency and should be present even in
discharges ignited at atmospheric pressure. This fact could be
useful in monitoring various plasma processes carried out in
atmospheric-pressure discharges.

The decrease in discharge current is not necessarily a
monotonic function of the electron collision frequency. As
shown in the enlarged section of figure 7, the fundamental
harmonic of the discharge current can reach a maximum close
to the edge of the following decrease. The current maximum
corresponds to the minimum of discharge impedance shown
in the enlarged section of figure 9. The values of discharge
impedance shown in figure 9 were calculated as a series
combination of bulk plasma described by equation (3) and
two sheaths. The impedance of each sheath was estimated
as an impedance of a capacitor with thickness equal to the
mean sheath width. In order to explain the minimum of



Plasma Sources Sci. Technol. 22 (2013) 045016

discharge impedance for the fundamental frequency, it is useful
to mention the fact shown in figure 9 that the discharge
impedance for harmonics with higher order starts to grow
already at lower collision frequencies than the impedance for
harmonics with lower order. The reason is that the capacitive
term iweg in equation (2) reduces the effect of the decrease
in the term ne?/m(v + iw) on the bulk plasma impedance.
Consequently, higher harmonics of the discharge current are
attenuated at a lower collision frequency than the fundamental
harmonic. Attenuation of higher harmonics leads to a decrease
in the thickness of both sheaths, which causes a decrease in
sheath impedance and an increase in the fundamental current
harmonic.

In agreement with section 4.4, it could be expected
that a decrease in sheath modulation caused by an increase
in collision frequency should lead to a decrease in higher
harmonic frequencies of sheath voltages. However, as
demonstrated in figure 8, several harmonics (2nd, 3rd and 4th)
increase and reach a maximum prior to the expected decrease
in spite of the fact that these conditions are far away from
resonance conditions. The increase can be mathematically
explained by focusing of the 5th harmonic of the sheath
voltage. Under our conditions, the 5th harmonic is the
strongest higher harmonic at a low collision frequency since
it is close to the frequency of the plasma—sheath resonance.
During the increase in collision frequency the signal of the
5th harmonic changes from a pure sinusoidal waveform to a
sinus function modulated by an exponential decay. However,
Fourier transform of exponentially modulated sinus produces
other frequencies in accordance with the observed sequential
amplification of the 4th, 3rd and 2nd harmonics.

The changes in plasma impedance can be observed on
variations of phase shift between the discharge voltage and
current. At low values of collision frequency, the phase shift
between the fundamental frequency of sheath current and
discharge voltage is close to —m /2 due to the capacitive nature
of sheaths. An increase in collision frequency increases the
resistivity of the bulk plasma and decreases the phase shift.
At a high collision frequency, the phase shift between the
discharge voltage and the electron conduction current tends
to zero in agreement with PIC simulations [31] but the phase
shift of the total current flowing through the discharge returns
to around —r/2 at v > 2 x 10'% s~ due to the influence of the
capacitive displacement current (the term iwep). Phase shifts
of the higher harmonic frequencies of the discharge current
vary rapidly since they depend on the moment when the eigen-
oscillations of the discharge are excited.

4.4. Effect of sheath modulation on discharge nonlinearity
and asymmetry

Some characteristics of capacitive discharges can be illustrated
when the amplitude of the RF generator voltage is varied. An
increase in generator voltage naturally leads to an increase
in discharge current. In agreement with the linear theory
of capacitive discharges (see, e.g., [1]) the amplitude of the
fundamental frequency of the discharge current increases with
the square root of the amplitude of the generator voltage.
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Figure 10. Electric asymmetry of the discharge defined as
(ua)/(up) (black curve, left y-axis) as a function of the generator
voltage amplitude. Square of amplitudes of the fundamental (1st,
red) and the 5th (blue, 250 x increased) harmonics of the discharge
current (depicted on the right y-axis).
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Figure 11. Voltage waveforms of the sheath at the grounded
electrode (u ) for various amplitudes of RF generator voltage (u,).

However, higher harmonic frequencies of the discharge current
do not follow the square root of the generator voltage (see
figure 10). Higher harmonics of the discharge current follow a
higher power scaling dependence on the generator voltage and
the contribution of the higher harmonics to the waveform of the
discharge current strongly increases with increasing generator
voltage.

Furthermore, the amplitude of the generator voltage
influences the value of electric discharge asymmetry, which
is defined here as the ratio between the dc components of
sheath voltages ({(u4)/(up)). As shown in figure 10, the
electric discharge asymmetry for a high generator voltage
is close to 9, but it decreases with decreasing generator
voltage, in spite of the fact that the geometric discharge
asymmetry given by the electrode area ratio (Sp/S4) is
constant. Examples of sheath voltage waveforms are shown
in figure 11. The sheath voltage waveforms have some
positive minimum originating from equation (21), which only
slightly decreases with increasing generator voltage. Above
this minimum the sheath voltage oscillates with an amplitude
that naturally grows with increasing generator voltage.

For discussion of the observed results it is valuable to
solve the sheath equations (5) and (6) under the assumption of
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where usually u#,; > 0 due to the requirement of zero dc current s s
flowing through the sheath. It leads to the discharge current < 190 @
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the discharge current is proportional to sin wt and the discharge £ S
behaves linearly. However, an increase in the ratio /iy 165 : : : ‘ . 24
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increases the effect of the term us(1 + coswt) inside the
square root in equation (22). This leads to a nonlinear sheath
behaviour and at the limit of a high RF modulation of the sheath
voltage (us/us; — 00) the current waveform contains a high
content of higher harmonic frequencies, in agreement with the
described results of the model.

Equation (22) together with the requirement of current
continuity (electric current flowing through both sheaths is
identical) can be used for an estimation of the electric discharge
asymmetry. For the limit u, /u;; — oo (where (1) = uy/2)

it leads to the result
(a) (@ )2
(up) Sa)

which is close to 9 under our discharge conditions. This
calculation further leads to a decrease in electric discharge
asymmetry by a decrease of RF modulation of the sheath
voltage, due to the increasing effect of the minimal voltage u;,
which is in agreement with the calculated behaviour of electric
discharge asymmetry shown in figure 10. These illustrative
calculations based on equation (22) are only approximate, the
whole model (15), (16) and (21) is more accurate since it
calculates with more realistic sheath voltage waveforms.

(23)

4.5. Effect of nonlinearity on discharge asymmetry

The previous section demonstrated that the amplitude of the
fundamental frequency of the discharge voltage influences both
the nonlinear plasma behaviour and the discharge asymmetry.
This section demonstrates a reverse effect that the nonlinear
nature of the plasma influences sheath voltages and discharge
asymmetry. Figure 12 shows the changes in mean sheath
voltages caused by a change in the geometrical factor G of
the bulk plasma. The geometrical factor can be practically
varied, for example, by a change in the electrode distance. The
figure shows that an increase in the geometrical factor leads to
a decrease in electric discharge asymmetry, which cannot be
explained by a change in the amplitude of the fundamental
harmonic frequency of sheath voltages.

Since an increase in the geometrical factor increases the
bulk plasma impedance, it decreases the frequency of the
plasma—sheath resonance and changes the waveform of the
discharge current. As a result, the sharpness of the current
minimum shown in figure 13, which is formed by means of
eigen-oscillations of the plasma—sheath system, decreases with
an increase in the geometrical factor. The decrease in the
sharpness of the current minimum is connected with a slower

G[m™"

Figure 12. Mean sheath voltages as a function of the bulk plasma
geometrical factor G.
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Figure 13. Discharge current waveforms at various values of the
geometrical factor. G = 4m™" (black curve), 8 m™! (red), 16 m™
(blue) and 30 m~! (green).

1

decrease in current prior to this minimum and results in small
absolute values of discharge current in the first part of the RF
period shown in figure 13.

The current waveform is related to sheath voltages by
the relation i oc d,/u,/dt. Therefore, a decrease in absolute
values of discharge current at the beginning of the RF period
influences the temporal derivative of sheath voltages. In the
case of the sheath at the powered electrode (sheath A) it
results in a slow increase in the sheath voltage, whereas in
the case of the sheath at the grounded electrode (sheath B) it
results in a slow decrease in the sheath voltage, as shown in
figure 14. These facts simply lead to the decrease in mean
sheath A voltage, to the increase in mean sheath B voltage
and the decrease in electric discharge asymmetry, as shown in
figure 12.

4.6. Coupling of higher harmonic frequencies

Equation (15) includes coupling of higher harmonic
frequencies. This coupling was studied at a 10 times lower
collision frequency (v = 3.1 x 107 s~!) than other results
shown in this work, since at a high electron collision frequency
the amplitudes of higher harmonics are relatively small and
their coupling is weak when compared with coupling to the
fundamental frequency. The coupling was demonstrated at
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Figure 14. Sheath voltage waveforms at various values of the
geometrical factor G. The colours of the curves correspond to the
same values of G as in figure 13.
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Figure 15. Amplitudes of selected higher harmonics of discharge
current as a function of the geometrical factor for electron collision
frequency 3.1 x 107s7!.

a dependence of the current waveform on the geometrical
factor G, since a change in the geometrical factor enables
an amplification of selected harmonics by the plasma—sheath
resonance. This fact is shown in figure 15, where the
amplification of the 6th, 5th and 4th harmonics of the
discharge current by the plasma—sheath resonance is reached
at G ~ 8m~!, 12m™! and 19m~', respectively. The
coupling of higher harmonic frequencies is demonstrated by
the fact that the amplification of a particular harmonic by the
plasma—sheath resonance results in the amplification of other
harmonics as well.

5. Conclusion

Electric characteristics of capacitively coupled discharges
were solved by means of a model that describes the discharge
as a series combination of the bulk plasma, two nonlinear
sheaths and an RF generator with a 50 Q input impedance.
An assumption of constant ion concentration in sheaths
was used. The main aim was modelling of the nonlinear
behaviour of the capacitive plasma, which leads to generation
of higher harmonic frequencies of discharge current and
voltages. The model enables us to study discharges with any

level of asymmetry, from symmetric to extremely asymmetric.
Although this work deals only with single-frequency capacitive
discharges, the model can be used for studying of two- or
multi-frequency discharges at the requirement that the higher
frequencies are integer multiples of the fundamental frequency.

The model agreed well with experimental data. A possible
limit of the accuracy of the model is the fact that real discharges
can have a complex geometry of bulk plasma with a complex
spatial profile of electron concentration connected to spatial
variations of plasma frequency wy. and that various sheaths
in the discharge (i.e. sheaths at the powered electrode, at the
grounded electrode and at other grounded reactor parts) can
differ in ion concentration. Furthermore, an assumption was
made that the electric field at the plasma—sheath interface is
negligible. This assumption may decrease the accuracy of the
model in discharges with a high electric field inside the bulk
plasma, i.e. at high pressures or at plasma—sheath resonance in
a discharge with a thin bulk plasma. For simplicity, the present
model did not take into account characteristics of the electric
line from the RF generator to the powered electrode. For
analysis of a plasma in a particular reactor it is recommended to
take these parts (including the matching box, cabling and stray
capacitance of the powered electrode) into account since they
can influence the power consumed by the plasma [32] or shift
the frequency of the series plasma—sheath resonance [11]. No
significant distortion of the results caused by the assumption
of constant ion concentration in sheaths was found.

The model was used for calculation of waveforms of
electric discharge quantities (electric current, sheath voltages,
etc) and for studying their affect by the (series) plasma—sheath
resonance and by resonance of the driving electric field with
bulk plasma frequency. Nontrivial effects of the momentum-
transfer collision frequency of electrons on the discharge
behaviour were discussed and the coupling of higher harmonic
frequencies of the discharge current was demonstrated. It was
predicted that higher harmonic frequencies are present even in
capacitive discharges ignited at atmospheric pressure. Finally,
the coupling of discharge voltage, asymmetry and nonlinearity
was studied.
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Abstract

Fourier components of discharge voltages were measured in two different
reactive plasmas and their response to the creation or destruction of a thin
film was studied. In reactive magnetron sputtering the effect of transition
from the metallic to the compound mode accompanied by the creation of
a compound film on the sputtered target was observed. Further, deposition
and etching of a diamond-like carbon film and their effects on amplitudes of
Fourier components of the discharge voltage were studied. It was shown that the
Fourier components, including higher harmonic frequencies, sensitively react
to the presence of a film. Therefore, they can be used as a powerful tool for the
monitoring of deposition and etching processes. It was demonstrated that the
behaviour of the Fourier components was caused in both experiments by the
presence of the film. It was not caused by changes in the chemical composition
of the gas phase induced by material etched from the film or decrease in gettering
rate. Further, the observed behaviour was not affected by the film conductivity.
The behaviour of the Fourier components can be explained by the difference
between the coefficients of secondary electron emission of the film and its
underlying material.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Nowadays low temperature plasmas have become a common tool for the deposition of thin
films as well as for the surface modification and etching of materials. Their large industrial
potential requires the development of efficient and relevant characterization methods providing
knowledge about the plasma deposition processes influencing the film properties and taking
place in the thin film deposition and etching. Parameter studies providing empirical knowledge
about the influence of plasma parameters on the final product of the deposition process are often
time consuming and cost-intensive. In situ monitoring of the processes taking place during the

0741-3335/10/124011+12$30.00 © 2010 IOP Publishing Ltd Printed in the UK & the USA 1
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deposition or etching offers more effective tools for our understanding of the interrelationship
between the plasma process conditions and their influence on the plasma modified material
surface.

Plasma processes can be monitored by means of numerous techniques including optical
methods, probe measurements, mass spectrometry, etc. Of course, high sensitivity, reliability,
simplicity and low price of the monitoring method are often desired. In many cases it is
advantageous to use simple electric methods. Traditionally, various plasmas are monitored by
the measurement of bias voltage on a powered electrode. The bias voltage is usually strongly
correlated with the amplitude of the fundamental frequency of the RF voltage that is used for
sustaining the discharge and which can be alternatively used as the monitoring parameter. In
the last few years it has been demonstrated that plasma parameters can also be monitored by
means of amplitudes of higher harmonic frequencies of discharge voltage or current and that
these quantities can be very sensitive markers of plasma processes.

Higher harmonic frequencies are generated due to the nonlinear nature of sheath VA
characteristic. Both sheath width and capacity depend on the sheath voltage. Fast variations
of sheath capacity during each RF period lead to a nonlinear relation between sheath voltage
and displacement current flowing through the sheath [1,2]. Moreover, sheath expansion
produces a current pulse of energetic electrons repelled from the sheath [3], which ignites
electric oscillations of the plasma—sheath system. Both these facts lead to the production of
higher harmonics. For several reasons amplitude of these harmonics is high in particular at low
pressures [4—6], since they are not strongly damped by electron—neutral collisions and they can
reach the series plasma—sheath resonance [7] at low pressures. Therefore, higher harmonics
can significantly influence plasma at a pressure below 10Pa [5]. The complex process of
creation and damping of higher harmonic frequencies results in a sensitive reaction of higher
harmonics to changes in plasma parameters which can be used for diagnostic purposes. They
are used for the detection of dust growing in the plasma [8—10], determination of the end of
an etching process [11, 12], monitoring of a compound layer on the magnetron target [13, 14]
or measurement of electron concentration and collisional frequency [15].

Waveforms of discharge voltages or currents and their Fourier components including
higher harmonic frequencies can be measured at various points. From a technical point of view
it is simple to perform measurements on the electric line between the RF generator and the
reactor [11, 14, 16]. Very sensitive measurements are usually realized by an uncompensated
probe [6, 16]. A third possibility is to measure a part of the discharge current flowing to a
grounded electrode [16] or to a part of the reactor wall [15]. At all these places it is possible to
record and analyse the whole waveform which can give valuable information concerning the
plasma. For monitoring purposes it is often sufficient to filter one selected Fourier component
and monitor its amplitude.

In numerous plasma processes it is desired to monitor creation or etching of various layers.
Both deposition and etching processes can be very complex and it is difficult to make theoretical
predictions concerning the complete behaviour of electric parameters of these processes. This
work experimentally investigates the behaviour of Fourier components of discharge voltages
during the creation and destruction of a layer. Two different processes are used and compared:
creation of a compound layer during reactive magnetron sputtering and the deposition of a
diamond-like carbon (DLC) film in a capacitively coupled discharge.

In magnetron sputtering films are deposited from atoms that are sputtered from a target by
the impact of energetic ions created in a magnetized plasma. Reactive magnetron sputtering
enables the deposition of various compound materials by the addition of a reactive gas (e.g.
nitrogen or oxygen) into the plasma [17-20]. However, the reactive gas reacts not only with
the growing layer but also with the sputtered target, which leads to the creation of a compound
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layer on the target and transition between so-called metallic and compound modes [21-23].
This fact causes serious stability problems and leads to the necessity of continuous monitoring
of the process. Recently, it has been shown that transitions between the metallic and compound
modes can be sensitively monitored by means of higher harmonic frequencies of discharge
voltages [13]. Therefore, reactive magnetron sputtering is a process that is suitable for the
study of the influence of a compound layer on the Fourier components of RF voltage.

The second investigated process is the deposition of a film growing from dissociated
and/or ionized molecules of gases supplied to a capacitively coupled low-pressure discharge.
In our case the deposition of amorphous hydrogenated DLC films was studied. These films
continue to be at the centre of scientific and industrial interest because they exhibit useful
properties for a wide variety of applications; they can be made very hard and chemically
inert with low friction coefficient, high wear resistance, good transparency for infrared optics,
biocompatibility, etc. Despite their widespread use, deposition and etching mechanism are
often not well understood, although it is a fundamental need for the control of film growth
with well-defined properties [24, 25]. Development of innovative in situ real-time diagnostics
using the monitoring of amplitudes of (higher) harmonic frequencies of discharge voltage may
provide a scientific basis for optimization and real-time control of film growth and etching.

2. Experimental

Experiments were performed in two different plasma reactors. PVD, PECVD and etching of
a deposited layer were studied. Reactive magnetron sputtering was studied in the industrial
sputtering deposition system Alcatel SCM 650. A cylindrical vacuum chamber, 65cm in
diameter and 35 cm in height, was equipped with a set of four well-balanced magnetron heads,
two located on the top and two at the bottom of the deposition chamber. A rotating substrate
holder was placed between them. A titanium target of 20 cm diameter and 99.9% purity was
mounted on one of the top magnetron heads. RF power was supplied by an Advance Energy
Cesar 1.2kW RF power generator. Prior to the measurement, the chamber was evacuated by
a turbomolecular pump backed by a rotary pump. The turbomolecular pump was throttled
during the experiment to obtain the desired pumping speed. Argon and the reactive gases
(nitrogen or oxygen) were dosed using thermal mass flow regulators. Detailed description
of the reactor geometry can be found, e.g., in [14]. The experimental conditions were the
following: RF power 1 kW, Ar flow rate 20 sccm and partial pressure of argon 1 Pa. The flow
rate of nitrogen or oxygen was varied between 0 and 1.5 sccm.

For the DLC deposition and etching experiments a parallel-plate RF PECVD reactor was
used. The reactor chamber consisted of a glass cylinder, inner diameter 28.5 cm and height
19.5cm, closed by two stainless steel flanges. The bottom duralumin electrode, diameter
14.8 cm, was capacitively coupled to the RF generator working at a frequency of 13.56 MHz.
In the standard experimental arrangement the bottom electrode was used as the substrate or
the substrate holder and the grounded upper electrode was a graphite target with a diameter of
10 cm. The distance between the electrodes was 10 cm. For the deposition process a mixture
of 3 sccm of hydrogen and 1.9 sccm of methane was dosed to the reactor and the deposition
took place at a pressure of 19 Pa. The etching of DLC films was performed in a pure hydrogen
discharge at a pressure of 13 Pa. The RF power delivered to the discharge was 50 W during
both the deposition and the etching. Details of reactor geometry can be found, e.g., in [26].

In both reactors the waveforms of discharge voltages were measured at two places: at a
coaxial cable leading from the RF generator to the powered electrode and inside the plasma
by means of a home-made uncompensated probe. The probe was a simple steel wire inserted
into the plasma that was connected by a coaxial cable to a digital LeCroy Waverunner 6100A
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measured waveforms
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Figure 1. Voltage waveforms measured by a probe (upper part of the figure) and at electrodes
(bottom part). Black dashed and red solid lines denote measurements in magnetron and PECVD
reactors, respectively. Since the waveforms strongly differed in their amplitudes, only their shapes
without absolute values are depicted. (Colour online.)

1 GHz oscilloscope with an input impedance of 1 M2. Examples of measured waveforms
are shown in figure 1. Waveforms measured by the probe contained higher amount of
higher harmonics than voltage waveforms measured at the electrodes. The amplitudes of
dc component, fundamental frequency and higher harmonics were derived from the measured
data by Fourier transformation.

3. Results and discussion

Addition of a reactive gas into the magnetron plasma is frequently used for the deposition of
compound films. However, the presence of the reactive gas leads to the creation of a compound
layer on the target resulting in serious stability problems. When the amount of reactive gas is
small and target sputtering cleans the target from the compound layer efficiently, a substantial
part of the target is not covered by the compound layer and the process runs in a so-called
metallic mode. This mode is characterized by fast sputtering, fast deposition and a low partial
pressure of the reactive gas which is quickly gettered by the growing film. However, when a
large amount of reactive gas is added to the plasma, it cannot be gettered completely; partial
pressure of the reactive gas increases which leads to a faster creation of the compound layer
on the sputtered target (so-called target poisoning). The sputtering rate of atoms from the
compound layer formed on the target surface is usually significantly lower than the sputtering
rate of atoms at a clean target surface [27, 28]. Therefore, the poisoning of the target results in
a drop in both deposition and gettering rate which leads to a further increase in partial pressure
of the reactive gas. This positive feedback leads to a fast poisoning of the whole target and
the process jumps into the so-called compound mode characterized by a low deposition rate
and a high partial pressure of the reactive gas. Due to the fast creation of a compound film
on the sputtered target this transition is suitable for studying the influence of the film on the
behaviour of discharge voltage including its higher harmonics.

In this work the influence of mode transition on the behaviour of Fourier components
of a discharge voltage was studied by sputtering of a titanium target in argon plasma with
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Figure 2. Amplitudes of harmonics in metallic mode (full blue circles), pure argon discharge at
oxidized target (open black squares) and compound mode (red stars). The metallic mode was
ignited in pure argon at a clean titanium target, compound mode in a mixture of argon and
oxygen at an oxidized target. Typical standard deviation of the data lies around 1%. Note the
semilogarithmic scale. (Colour online.)

an admixture of oxygen or nitrogen. Such a process is routinely used for the deposition of
titanium oxides or nitrides. In our experiment the discharge was ignited in pure argon. Then,
a reactive gas (nitrogen or oxygen) was added to the discharge until the transition from the
metallic to the compound mode occurred. The transition had hysteretic nature, i.e. once the
transition to the compound mode occurred, the mode was stable even at lower flow rates of the
reactive gas. The reverse transition to the metallic mode occurred at much lower flow rates of
the reactive gas than that was necessary for the transition to the compound mode. Waveforms
of two voltages were measured during the experiment: voltage of an uncompensated probe
immersed in the plasma and voltage on the coaxial cable between the RF generator and
the sputtered electrode. The waveforms were analysed by Fourier transformation and the
dependence of amplitudes of individual Fourier components on discharge parameters was
studied. The amplitudes of the first eight harmonics of the probe voltage in the metallic and
in the compound mode measured by the uncompensated probe are depicted in figures 2 and
3. Figure 2 shows the effect of mode transition initialized by oxygen whereas figure 3 shows
the effect of nitrogen. Nearly all the harmonics reacted to the transition between the metallic
and the compound mode. Their amplitudes changed typically by several per cent or tens of
per cent by the mode transition. The harmonics measured on the coaxial cable between the
RF generator and the magnetron electrode also reacted to the transition, but were usually less
sensitive.

The reaction of harmonics to the transition from the metallic to the compound mode can be
caused either by an increase in partial pressure of the reactive gas in the plasma or by the creation
of a compound layer on the target surface. In order to distinguish which of these two effects is
responsible for the behaviour of the harmonics it was useful to ignite an argon discharge in a
reactor with a fully poisoned target as performed in [14], where temporal development of higher
harmonics during sputtering of a compound layer on the magnetron target was studied. The
state of the target surface in such a discharge was identical with the situation in the compound
mode. However, the gas composition was similar to the metallic mode since no reactive gas
was added to the reactor at all. The amplitudes of the selected Fourier components of the
probe voltage in this discharge are depicted in figures 2 and 3. These figures demonstrate that
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Figure 3. Amplitudes of harmonics in metallic mode (full blue circles), pure argon discharge at
nitridized target (open black squares) and compound mode (red stars). The metallic mode was
ignited in pure argon at a clean titanium target, compound mode in a mixture of argon and nitrogen
at a nitridized target. Typical standard deviation of the data lies around 1%. (Colour online.)

the amplitudes measured in the compound mode and the amplitudes measured in a discharge
ignited in pure argon at a poisoned target were almost identical. The presence of the reactive
gas in the gas phase in the compound mode had almost no influence on the measured harmonics.
This observation demonstrates that the changes in harmonics observed by the mode transition
are caused by the creation or the removal of the compound layer on the target surface.

A comparison of mode transition in mixtures of argon with nitrogen and oxygen shows
that the reaction of Fourier components of discharge voltages to the presence of an oxide or
a nitride layer is similar. Usually, changes induced by mode transition in oxygen are a little
higher than in nitrogen but the trends are identical. The reaction of higher harmonics to the
creation of a nitride or oxide layer on the sputtered target is very similar despite the fact that
the two materials differ significantly in electrical conductivity. Titanium nitride has a high
electrical conductivity, whereas titanium dioxide is a poor conductor. This is an indication that
the conductivity of the compound layer does not have a crucial influence on the behaviour of
higher harmonics during the mode transition.

Since the Fourier components of discharge voltages reacted sensitively to the presence of
a layer on the magnetron cathode, we extended our research to the PECVD process in order
to test the suitability of the presented method for the monitoring of deposition and etching of
DLC films in a capacitively coupled discharge. Beyond the monitoring purposes, the relatively
simple situation in a capacitive discharge without a magnetic field, without sputtering and in
simpler geometry is suitable for the study of reaction of the Fourier components to the presence
of a deposited layer.

The DLC films were deposited in a mixture of hydrogen and methane on the powered
duralumin electrode. Since the deposition is relatively fast and the effect of film creation
combines with the effects of starting the discharge and warming the reactor or addition of
methane, the experiments were carried out in the following way. The discharge was started
in pure hydrogen supplied with a flow rate of 3 sccm. After several minutes methane was
added to the plasma with a flow rate of 1.9 sccm which started the deposition. The deposition
took 30 min. Then, methane was stopped and the experiment continued by etching of the
deposited film in pure hydrogen. During the whole experiment the discharge was not stopped
and the RF power was kept at a constant value of 50 W. This experimental procedure excluded
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Figure 5. Amplitudes of the second and eighth harmonic during deposition and etching of a
DLC film.

any influence of transient effects during the start of the discharge since the deposition started
several minutes after the discharge ignition. Moreover, it allowed us to distinguish between
the effects of methane addition and the presence of the film since the film was etched away
much later than the methane was evacuated from the reactor. Again, waveforms of discharge
voltages were measured at two points: by an uncompensated probe and on the RF line between
the generator and the powered electrode.

The results of the described experiment are shown in figures 4 and 5 where the bias,
amplitude of the fundamental frequency and examples of two higher harmonic frequencies are
depicted. The addition of methane into the hydrogen discharge in the tenth minute caused a
sudden change in the amplitudes of the measured harmonics. This sudden jump is followed
by a gradual change which accompanies an initial phase of DLC film deposition. A further
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increase in the DLC film thickness does not cause any significant change in amplitudes of the
measured harmonics. Then the methane was stopped in order to stop the deposition and to start
the etching of the film. The stopping of methane again caused a sudden jump of the measured
amplitudes which, however, did not lead to the original values related to a pure hydrogen
discharge in a pure reactor without the DLC film at the duralumin electrode. The jump was
followed by a ca 10 min long plateau when the film was etched in a hydrogen discharge but the
measured amplitudes did not change significantly. The plateau was finished by a fast change
in measured amplitudes during which the amplitudes returned to their original values at the
beginning of the experiment. After this change there were no visible marks of the DLC film
on the electrode. The above described behaviour was observed for almost all the measured
Fourier components of the discharge voltage. Better results were obtained for harmonics of
low order including the fundamental harmonic (13.56 MHz) and the dc component (bias). This
is not surprising since harmonics of low order usually have relatively high amplitude. The
Fourier components measured by the uncompensated probe reacted to the addition or stopping
of methane and deposition or etching similarly to the Fourier components measured at the
powered electrode. Unlike the situation in a magnetron discharge, the sensitivity of harmonics
measured at the RF line to the electrode was approximately the same as the sensitivity of
harmonics measured by the probe. Therefore, only results measured at the powered electrode
are plotted in the graphs. These measurements are more suitable for practical monitoring
purposes since they do not require the insertion of any probe into the plasma.

Sudden jumps at 10 and 40 min were evidently caused by the addition or the stopping of
methane. The stopping of methane had in all cases an opposite influence than its addition. The
amplitude of some harmonics changed during addition and stopping of methane by the same
value but in most cases the change by methane addition was relatively low since the influence
of methane addition was combined usually with an opposite influence of DLC film deposition
that started immediately with methane addition. The addition of methane causes two basic
changes in the plasma volume: it increases the pressure and changes the composition of the gas.
The influence of pressure is demonstrated in figure 6 where instead of methane addition only
hydrogen pressure was increased from 13 to 19 Pa, i.e. to the same value of pressure as in the
hydrogen—methane mixture. The pressure was increased in the fifth minute and then decreased
back in the twelfth minute of this experiment. The jumps in amplitude of measured harmonics
induced by a change in pressure can be compared with the change induced by stopping of
methane since this change is not influenced by the deposition of the DLC film. A comparison
of figures 4 and 5 with figure 6 demonstrates that stopping of methane or a decrease in hydrogen
pressure causes similar changes in the measured amplitudes. Consequently, changes induced
by methane addition or stopping are to a large extent caused by changes in pressure. Changes
in chemical composition do not have a dominant effect for most of the harmonics. Figure 6
further demonstrates that equilibrium of pressure is reached approximately 1 min after the
change in the flow rate, which is useful for understanding the time dependences depicted in
figures 4 and 5.

Fast but not so steep changes between 11 and 18 min in figures 4 and 5 and then between 50
and 57 min are caused by the deposition of the DLC film or its etching, respectively. It should
be noted that the harmonics reacted to the presence of the film independently on its thickness.
The amplitudes of harmonics changed strongly during the initial phase of deposition and then
they remained constant, despite the fact that the thickness of the film went on increasing.
Analogically, during the etching of the deposited film the amplitudes of harmonics maintained
almost constant values until the film was present. Only during the last phase of etching,
when the film was totally removed from the electrode surface, the harmonics changed their
amplitudes.
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Figure 6. Amplitude of fundamental and second harmonics by changes in hydrogen pressure. The
dashed vertical lines denote moments of increase or decrease in hydrogen flow rate.

The presence of the DLC film on the powered electrode can influence the discharge
voltages in several ways: an insulating material on the conducting electrode can influence
the electric parameters of the reactor with the discharge, carbon-containing particles etched
from the film influence composition of the plasma and the film differs from the electrode
material in coefficient of secondary electron emission which can also influence the plasma. In
order to test the influence of high electric resistivity of the deposited film on the harmonics,
the experiment was repeated with a powered electrode covered by a 3 mm thick glass plate.
During this experiment the presence of the DLC film did not change the electrical conductivity
of the electrode since it was already covered by an insulator before the deposition. The results
of this experiment are depicted in figures 7 and 8. The results are similar to the results of the
experiment performed without the glass plate (see figures 4 and 5). The time needed for the
etching of the film was a little shorter in the case of glass substrate which is in agreement with
the fact that the DLC film grows faster on duralumin than on glass. Evidently, changes in
amplitudes of the harmonics induced by film deposition or etching are almost identical with
the experiment performed without the glass plate at the powered electrode. This demonstrates
that film conductivity is not responsible for the behaviour of the harmonics. Therefore, the
monitoring method based on the measurement of a selected harmonic is not restricted to
the deposition of films with conductivity that differ significantly from the conductivity of a
substrate.

After excluding the role of film resistivity on the behaviour of Fourier components of
the discharge voltage it should be mentioned that changes in plasma composition caused by
the material etched from the film are not responsible for the behaviour of the harmonics.
The changes in amplitudes of the harmonics caused by the presence of the DLC film are
approximately the same as the changes induced by the addition of methane. The addition
of methane added a much higher amount of carbon-containing material to the plasma than it
is etched from the film. Therefore, the small amount of material etched from the DLC film
cannot cause such a strong change in amplitudes of harmonics as measured in the presented
experiments. Moreover, the presence of methane in the plasma and the presence of the DLC
film on the electrode have an opposite effect on most of the harmonics. Consequently, the
response of harmonics on the presence of the deposited film cannot be caused by the influence
of the plasma by the material etched from the film.
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Since the reaction of the harmonics to the presence of the DLC film is caused neither
by the film conductivity nor by the material etched from the film, it seems to be caused by a
difference between the coefficients of secondary electron emission of the substrate and the film.
Our explanation is supported by earlier findings [26,29] carried out in the same RF reactor
as was used in the case of DLC deposition. It was shown that both the deposition and the
etching rates depend strongly on the RF electrode material. In [26] it was demonstrated, using
deposition and etching experiments and their computer simulation, that the main source of the
electrode material influence consists in its secondary electron yield. The different secondary
electron yield of electrode materials can cause a relatively high difference in the plasma density
above the different electrodes, since the secondary electron yield is very sensitive to the type
of material as well as its surface conditions, morphology, impurities and contamination [30].
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This effect influences the deposition and etching rate not only on the RF electrode but also on
the opposite grounded electrode. Since the secondary electron yield has a significant influence
on the plasma including its density, it is reasonable to expect that it influences also the Fourier
components of the discharge voltage that usually react on changes in plasma density very
sensitively.

4. Conclusion

Voltages of capacitively coupled discharges include not only fundamental frequency and a
dc component but due to a nonlinear nature of plasma they also include higher harmonic
frequencies. The reaction of all these Fourier components of discharge voltage to the presence
of deposited films was studied in two different plasma processes. In reactive magnetron
sputtering a compound film was formed on the magnetron target due to reactions of a reactive
gas with the material of the target. In a nonmagnetized capacitively coupled discharge DLC
films were deposited from carbon-containing reactive species present in the plasma. In both
processes discharge voltages and amplitudes of their Fourier components were measured at
two places: at a coaxial cable leading from the RF generator to the powered electrode and by an
uncompensated probe immersed directly into the plasma. It was shown that most of the Fourier
components sensitively reacted to the creation or destruction of the films. The sensitivity of
the Fourier components and simplicity of the measurements make them a powerful tool for
monitoring the deposition and etching processes.

It was demonstrated that the behaviour of the Fourier components is not affected
significantly by conductivity of the deposited films. Therefore, monitoring based on the
measurement of amplitudes of the Fourier components is not restricted to the deposition of
conducting or insulating materials. This method can also be used in the case of materials
whose conductivity does not differ from the conductivity of the substrate. Further, it was
shown that the observed behaviour of the Fourier components was caused by the presence of
the film. It was not caused by changes in chemical composition of the gas phase induced by
a material etched from the film or decrease in gettering rate. The sensitive reaction of the
Fourier components on the presence of the film can be explained by the difference between
the coefficients of secondary electron emission of the film and the underlying material.
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A method for the measurement of plasma potential waveforms is presented that is based on
measurement with a high-impedance probe and an electric model of the sheath around the probe.
The method was verified and compared with methods that were previously used for
measurement of the temporal development of plasma potential during an RF period of capacitive
discharges. The sensitivity of the method to the values of required input parameters (mean
plasma potential value, electron concentration and temperature) was analyzed and it was found
that with a lower precision, the method can be used even without the knowledge of these input
parameters. Finally, plasma potential waveforms were measured in a low-pressure capacitively
coupled discharge. In agreement with theoretical models, the generation of higher harmonic
frequencies of plasma potential and their sensitivity to electron concentration were observed.

Keywords: plasma potential, capacitively coupled discharges, probe, higher harmonic

frequencies, sheath
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1. Introduction

Plasma potential is one of the fundamental plasma parameters.
Its mean (DC) value is in low-pressure discharges usually
measured by Langmuir probes. However, alternating or pulsed
voltage with a frequency from the kHz—GHz range is used for
the excitation of most electric discharges, which lead to sub-
stantial variations of plasma potential during each discharge
period. Passive [1] or active [2] compensation of a Langmuir
probe is therefore used, which prevents the V-A probe char-
acteristics from distortion caused by alternating currents flow-
ing to the probe. However, the compensation makes the
measurement of alternating signals by a compensated probe
difficult. Moreover, even when the probe is not compensated,
the measurement is complicated by the fact that the alternating
components of probe potential can differ significantly from the
alternating components of plasma potential, as will be shown
below. As a result, while the DC value of the plasma potential
is routinely measured by compensated Langmuir probes, there
is a lack of data describing the temporal evolution of plasma
potential during a discharge period, in spite of the fact that it is
a fundamental electric characteristic of plasma. This fact is
valid, especially in capacitively coupled discharges where the

0963-0252,/17/055022+08$33.00

plasma potential comprises not only the DC and the one RF
component supplied from the RF power generator, but it also
includes numerous higher harmonic frequencies created by
plasma due to the nonlinear nature of sheaths [3-5].

The complete waveforms of plasma potential can be
measured by uncompensated probes that do not suppress the
RF signals. However, the analysis of measured data is not
straightforward since the probe is separated from the ambient
plasma by a sheath. Consequently, the unknown sheath
potential must be added to the probe potential in order to
obtain the desired plasma potential. Two different approaches
were used for the solution of this task. The first is based on
the construction of a probe with impedance as high as pos-
sible in order to minimize RF current flowing through the
sheath around the probe and, consequently, to minimize the
RF components of the sheath voltage [6, 7]. The second
approach is based on the calculation of the originally
unknown sheath voltage [8]. The presented work deals with a
combination of these two approaches in order to improve the
method of measurement of the complete plasma potential
waveforms. A high-impedance uncompensated probe with
small dimensions was constructed and the measured data
were analyzed by means of a nonlinear model of the sheath

© 2017 IOP Publishing Ltd
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Figure 1. Construction of the high-impedance (left) and the

around the probe, which enabled us to measure accurate
waveforms of plasma potential with a high spatial resolution.
The resulting method is further tested and analyzed in a
capacitively coupled RF discharge.

2. Experimental

The high-impedance probe with no RF compensation was
made of a steel wire with a diameter of 0.27 mm. The 2 cm
long tip of this wire was exposed to the plasma, and the rest
of the wire was separated from the plasma by two concentric
glass tubes (see figure 1). The outer diameter of the inner
glass capillary that extended to the probe tip was 1.5 mm.
The wire was connected to the oscilloscope (LeCroy
WaveRunner 6100A) by a high-voltage oscilloscope probe
with input resistance 10%Q and input capacity 3 pF. The
measured total capacity of this uncompensated probe to
ground (including the input capacity of the oscilloscope
probe) was 3.9 pF.

In order to compare the high-impedance probe with a
probe similar to that described in [8], a low-impedance probe
with no RF compensation was used simultaneously with the
described high-impedance probe. This low-impedance probe
was simply made of a 2 cm long bare copper tip of a 50 2
coaxial cable that was connected directly to an oscilloscope
with an input impedance of 50 2 (see figure 1). The probe tip
diameter was 0.17 mm.

For the measurements of the mean values of the plasma
potential, electron concentration and electron temperature, a
Langmuir probe with RF compensation (ESPion, Hiden
Analytical) was used. The whole experiment was performed
in a low-pressure (0.2-30 Pa) capacitively coupled discharge
ignited by RF (13.56 MHz) voltage in various gases (Ar, N»,
0O,, H,) inside a spherical (i.d. 33 cm) grounded stainless steel
reactor with two parallel stainless steel ring electrodes. The
diameter of each electrode was 80 mm, and their distance
was 40 mm.

3. Sheath model

Since bulk plasma is separated from the probe by a sheath, the
plasma potential must be calculated as

Upi(t) = Uy (1) + U (1), ey

coaxial
cable

50 Q

oscilloscope

low-impedance (right) probes with no RF compensation.

where Uy is the plasma potential, U, is the measured probe
voltage and U is the sheath voltage. To calculate the sheath
voltage, the model based on the assumptions of constant ion
density and stepwise electron density with negligible electron
concentration inside the sheath was used. The model is
described in [8].

The sheath voltage was expressed by means of the sheath
radius (s)

U:ﬂ 2s21nifs2+rpz, )
4eg Ty

where e is the elementary charge, n is the electron con-

centration in the bulk plasma, ¢, is the vacuum permitivity

and ry, is the probe radius. The derivative of the sheath radius

was calculated from the displacement current flowing to the
probe (Iy)

Iy(t) = en s s(t) M,

Tp dr

3)

where S is the surface area of the probe. The displacement
current was obtained by subtraction of the electron (/.) and
ion (I;) current from the total current (/) flowing to the probe

I(t) = Ly(t) + () + L )
T.
- (ST f 0L

where k denotes the Boltzmann constant, T, is the electron
temperature and 1, is the electron mass. The ion current was
assumed to be constant during the whole discharge period,
since the ion plasma frequency was significantly smaller than
the frequency of the applied electric field. Although some
variations of ion density in front of the powered electrode
were simulated in a low-frequency (1.9 MHz) discharge
ignited in a light gas (He) [9], in conventional CCP discharge,
the assumption of constant ion flow is usually valid [10].
Equations (2) and (3) can be used in the form

@ = I_dilni’ (6)

dr 27l, g9 1y

where [, is the probe length. The electric schema of the whole
system is sketched in figure 2(a).

The system of equations (1)—(5) was solved numerically
and the unknown value of the ion current (/;) and the initial
value of the sheath voltage (U(0)) were fitted so that the
calculated plasma potential was periodic and the mean value
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Figure 2. Electric scheme of the uncompensated probe circuit. (a) The system solved in the presented work. (b) An approximation of the

sheath around the probe by a capacitor, which is tested in section 6.1.
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Figure 3. Waveforms of plasma (black), high-impedance probe (red)
and low-impedance probe (blue) potentials measured in a capaci-
tively coupled discharge in argon at 6 Pa. The low-impedance probe
potential was 20 x increased.

of the calculated plasma potential agreed with the mean value
measured by the RF compensated Langmuir probe.

One example of the measured high-impedance uncom-
pensated probe voltage waveform and the calculated plasma
potential waveform is shown in figure 3, which demonstrates
a significant difference between the probe and the plasma
potential waveforms. Consequently, it is necessary to model
the voltage of the sheath around the probe when the plasma
potential waveform is measured. Figure 3 further depicts a
waveform measured by the low-impedance uncompensated
probe. Comparison of the high- and low-impedance probe
method will be discussed in section 6.2.

4. Test of the method

In order to test the method, the probe was artificially biased to
various DC potentials from —40V to +10V and plasma
potential waveforms were measured at various DC probe
potentials. The DC biasing was realized via a series of coils in
order to eliminate any significant distortion of RF signals
caused by the DC biasing. Since plasma potential should not
be affected by the probe bias, the obtained plasma potential
waveforms should not differ. Nevertheless, the change of the
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Figure 4. Comparison of plasma potential waveforms calculated
from probe measurements realized at various values of the probe DC
voltage. Measured in argon at 6 Pa.

DC bias from 10V to —40V led to a change of the sheath
voltage (U) by ca 300%. Therefore, the sheath model (1)—(5)
is used in several significantly different conditions, including
a situation with negative DC bias where the model has a very
strong effect on the shape of the obtained plasma potential
waveform. As a result, an inaccuracy of the model should
lead to a discrepancy between the obtained plasma potential
waveforms and, therefore, the comparison of waveforms
obtained from measurements with various probe DC bias can
be used as a test of the reliability of the method.

Figures 4 and 5 show examples of the described test
realized in a capacitively coupled discharge ignited in argon
at pressure 6Pa and 16.5Pa, respectively. Although the
sheath voltage was changed by hundreds of percent during the
test, the resulting plasma potential waveforms differ at most
by several percent, which indicates a satisfactory reliability of
the presented method.

The behaviour of the probe was also tested for probe DC
potential values that were higher than 10 V. At high positive
bias values the sheath around the probe was collapsing (i.e.
U < 0) for a non-negligible part of the discharge period. This
is a situation that cannot be described reliably by the model
(1)-(5) and a more accurate model should be used in such
cases.
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Figure 5. Comparison of plasma potential waveforms calculated
from probe measurements realized at various values of the probe DC
voltage. Measured in argon at 16.5 Pa.

A second short test of the method was realized by the
addition of a 4 pF capacitor between the probe and the
ground. Plasma potential waveforms acquired by means of
the probe with an increased load again did not differ sig-
nificantly from waveforms acquired by a non-loaded probe.

5. Sensitivity to input parameters

Since the presented method of plasma potential waveform
measurement requires knowledge of electron concentration,
electron temperature and the mean (DC) value of the plasma
potential, the sensitivity of the method to these three para-
meters was examined. The dominant component of the cur-
rent flowing to the probe is the displacement current. When
the probe is negatively biased, the electron current can be
neglected and equation (6) in the form

aw = 1_—<1> 1 In i, 7

dr 2nl, = B
can be used instead of equations (3)—(5). Since equation (7)
does not depend on electron temperature, the proposed
method is independent of the value of electron temperature at
sufficiently low probe biasing.

When the probe is floating (it is not biased), the electron
current is not negligible and both the values of electron
concentration and temperature are required as input para-
meters. For a floating probe, the sensitivity of the method to
the values of these input parameters is demonstrated in
figures 6 and 7. These figures display five different plasma
potential waveforms that were calculated from the same
measurement realized by a floating probe in an argon dis-
charge at the pressure of 6Pa. The displayed waveforms
differ in the value of electron concentration or temperature
that was used during the evaluation of the measurement.
These figures demonstrate that even when the input parameter
(electron concentration or electron temperature) was twice
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Figure 6. Comparison of plasma potential waveforms calculated for
correct (black line), doubled (red) and half (blue) value of electron
concentration. Calculated from voltage waveforms measured by a
floating probe.
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Figure 7. Comparison of plasma potential waveforms calculated for
correct (black line), doubled (red) and half (blue) value of electron
temperature. Calculated from voltage waveforms measured by a
floating probe.

overvalued or undervalued, the obtained plasma potential
waveforms were distorted by less than 10% of the peak-to-
peak value of the obtained waveform.

Thanks to the fact that the dominant current component is
the displacement current and the presented method is not very
sensitive to the values of electron concentration and temper-
ature, the method is relatively robust; it will not be affected
strongly by eventual effects like a decrease of electron con-
centration due to the presence of the probe and probe holder,
collisions of charged particles in the sheath around the probe,
reflection or emission of electrons from the probe surface or
temporal variations of the ion current.

Since the electron current flowing to the probe is usually
much weaker than the displacement current, even when the
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Table 1. Comparison of the mean plasma potential values estimated
by means of the uncompensated probe and measured by the
Langmuir probe. Measured in a capacitively coupled discharge in
argon.

Estimation of

Pressure [Pa] (Up) [V] Measurement of (Up) [V]
16.5 25.25 25.58
6 22.47 22.53
3.3 24.62 20.52

probe is floating, it is probably not possible to use the
uncompensated probe for precise measurement of electron
concentration and temperature unless the probe is biased to
higher values of DC voltage. The evaluation of measurement
with higher probe bias would require a more accurate model
of the sheath around the probe that would reliably describe
even the situation when the probe potential is higher than the
plasma potential.

The final required input parameter is the mean value of
the plasma potential. Of course, the mean value of the
resulting plasma potential waveform follows the value of this
input parameter. Nevertheless, the resulting RF components
of the plasma potential are relatively insensitive to changes of
this input parameter as long as the calculated sheath around
the probe is far from the collapse. In our measurements, the
peak-to-peak range of the resulting plasma potential wave-
form was changed only by a few percent when the value of
the plasma potential was doubled.

Since ion current to a floating probe must be compen-
sated by electron current, the mean potential of the floating
probe usually sets itself to such a value that ensures that the
sheath around the probe is close to its collapse at one moment
of the discharge period. This supposition can be used for an
estimation of the mean value of plasma potential, even
without knowledge of electron temperature. In order to test
this hypothesis, the following experiment was realized.
Waveforms of probe voltage were measured when the probe
was floating and when it was biased to —40 V. The mea-
surements realized at the negative bias were evaluated since
an evaluation of these measurements does not require
knowledge of electron temperature. The value of the mean
plasma potential was explored so that the resulting plasma
potential waveform touches the floating probe potential
waveform in one moment of the period. A comparison of the
obtained mean values of plasma potential and values mea-
sured by means of a Langmuir probe are shown in table 1.
This comparison shows reasonable agreement and demon-
strates that the uncompensated probe can be used for the
measurement of the mean plasma potential value. A more
accurate method for the determination of mean plasma
potential by an uncompensated probe will probably require a
deeper analysis of measurements realized with various biasing
of the uncompensated probe and a more accurate model of the
sheath around the probe. Since the sheath model is not very
sensitive to the value of electron concentration, the described
method can be used for a rough estimation of the plasma

potential waveform with only a rough guess of electron
concentration, i.e. even without precise knowledge of any of
the three input parameters.

6. Comparison with previous methods

In order to compare the described method with previous
methods, a series of experiments was performed in a capa-
citively coupled discharge in various gases (Ar, N, O,, H,) in
the pressure range 2—-20 Pa. Measurements by both the high-
and low-impedance probe were realized simultaneously and
voltage waveforms of both these probes were evaluated by
various models of the sheath around the probe. The following
two subsections discuss the comparison of the results. Since
the combination of the high-impedance probe with the model
(1)—(5) described in this work is believed to be the most
reliable from all the compared methods, the reliability of the
previous methods is discussed by comparison of their results
with the result of the method presented in this work.

6.1. Comparison with capacitive sheath model

The described method was compared with the previous
method shown in [6, 7], where the sheath around the probe
was modeled as a capacitor. In this method, the electric circuit
drawn in figure 2(b) is solved and each frequency component
of the plasma potential (uy) is calculated according to

C i
Uy = o] 1 + == — , 8
! °( c wCRO) ®

where u, is the probe voltage measured by the oscilloscope,
C, and R, are the capacity and resistance of the probe to the
ground, respectively, and C is the capacity of the sheath
around the probe. In our test, the sheath capacity was calcu-
lated as a capacity of a cylindrical capacitor

C— 27T50\vlp ’ (9)
In =
P
where the value of the sheath radius s was chosen so that its
corresponding sheath voltage value calculated by equation (2)
was equal to the true mean value of the sheath voltage
(Up) — (U,). The mean value of the plasma potential (Uy;)
was measured by a Langmuir probe.

The plasma potential waveforms obtained by this sim-
plified method were compared with the plasma potential
waveforms acquired by the presented method based on the
model (1)-(5). The results of the comparison varied from an
excellent agreement to a significant difference. Examples of a
relatively good agreement and a poor agreement are shown in
figures 8 and 9, respectively.

We conducted further tests in order to replace the used
value of the sheath capacity (9) by a value that was deter-
mined in a different way used in [6]. The probe was loaded by
various additional capacitors (i.e. the value of C, was
increased). For each capacitor added, a probe voltage wave-
form was measured and such a value of the sheath capacity
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Figure 8. Comparison of plasma potential waveforms calculated by
the presented model (black) and by the capacitive sheath model
(red). Measured in argon at 6 Pa.
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Figure 9. Comparison of plasma potential waveforms calculated by
the presented model (black), by the capacitive sheath model (red)
and by the capacitive sheath model with optimized capacity value
(green). Measured in nitrogen at 17 Pa.

was found that minimized differences between the resulting
plasma potential waveforms. However, this attempt did not
lead to any better agreement with the plasma potential
waveforms determined by equations (1)—(5). Finally, a third
value of the sheath capacity was tested. In this case, the sheath
capacity value was set so that it minimized the resulting
difference between the plasma potential waveforms obtained
by the capacitive sheath approximation (8) and by the model
(1)=(5). An example of the resulting plasma potential wave-
form is shown by the green line in figure 9.

The described test indicates that the electric behaviour of
the sheath around a high-impedance uncompensated probe is,
in most cases, close to the behaviour of a capacitor. However,
evident violations of this approximation exist, as demon-
strated by the difference between the black and the green line
in figure 9. Moreover, it can be problematic to determine the
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Figure 10. Comparison of plasma potential measured by a high- and
low-impedance probe in argon at 6 Pa.

correct value of the sheath capacity, as demonstrated, for
example, by the red line in figure 9 that differs significantly
from both the green and the black line.

6.2. Comparison with low-impedance probe

Another previous method was based on the model (1)—(5), but
a low-impedance uncompensated probe was used instead of
the high-impedance probe [8]. In order to test this previous
method, measurements with the low-impedance probe were
realized simultaneously with the high-impedance probe
measurements, and plasma potential waveforms obtained by
these two measurements were compared. This comparison
was again realized in Ar, N,, O, and H; in the pressure range
2-20 Pa.

The results of the test varied between a reasonable
agreement to a serious disagreement. An example of a rea-
sonable agreement is shown in figure 10. This figure man-
ifests the general observation that the low-impedance probe
suppresses the higher harmonic frequencies of the plasma
potential. Although there was a relatively good agreement
between the plasma potential waveforms measured by the
high- and the low-impedance probe in a number of experi-
ments, there were experiments with a strong disagreement
where the plasma potential amplitude measured by the low-
impedance probe was almost twice as high as the amplitude
measured by the more reliable high-impedance probe.

7. Examples of measured waveforms

The waveforms of plasma potential that were measured by the
presented method agreed well with the theoretical models
presented in [4, 5, 11, 12]. The plasma potential of the
capacitive discharge contained a number of higher harmonic
frequencies. Two effects responsible for the generation of
higher harmonics are visible in examples of plasma potential
waveforms shown in figures 11 and 12 and in figures 4 and 5,
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Figure 11. Plasma potential waveforms measured in a nitrogen
capacitively coupled discharge at various pressures.
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Figure 12. Plasma potential waveforms measured in oxygen and
nitrogen capacitively coupled discharge at 7 Pa.

as previously shown. Firstly, electric oscillations at the fre-
quency of the series plasma—sheath resonance [13, 14] were
ignited, especially at the moment of expansion of the sheath at
the powered electrode. Secondly, the base plasma potential
waveforms revealed slowly developing minima and shar-
pened asymmetric maxima as a result of the nonlinear nature
of the VA characteristics of the sheaths. Figure 11 demon-
strates that the self-excited high-frequency oscillations were
intensive, especially at low pressure when its damping by
electron—neutral collisions was weak. Further, these oscilla-
tions were stronger in discharges with a higher concentration
of electrons. This observation is demonstrated in figure 12,
which compares plasma potential waveforms measured in a
nitrogen discharge with electron concentration 5 - 104 m~>
and in an electronegative oxygen discharge with electron
concentration 3 - 10'> m™. A specific higher harmonic fre-
quency was further amplified when its frequency was close to
the frequency of the series plasma—sheath resonance, which
also depends on the electron concentration. The fact that the
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Figure 13. Dependence of the total probe current (black) on the
sheath voltage for the high-impedance probe biased to 10 V in a
capacitively coupled discharge ignited in argon at 6 Pa. The blue
curve shows the electron component of the probe current.

amplitude of higher harmonic frequencies depends on elec-
tron concentration is important for an explanation of some
monitoring techniques that are used in deposition or etching
processes. Higher harmonics are used for end-point detection
of etching processes [15-17] and for detection of mode
transition in reactive magnetron sputtering [17, 18]. Both
these monitoring techniques rely on the sensitive reaction of
higher harmonic frequencies on electron concentration,
whether its behaviour is controlled by surface processes or
volume ionization [17, 19].

Figure 13 shows the relation of voltage on the sheath
around the high-impedance probe and current flowing
through the sheath to the probe. Besides the total probe cur-
rent, the electron current component is shown in the figure in
order to demonstrate that the displacement current is usually
the dominant component of electric current flowing to the
probe. The ion current is not shown in the figure since it has a
constant value that is much lower than the magnitude of the
total current. The oscillation of plasma current that was self-
excited during the sheath expansion at the powered electrode
is the dominant feature of figure 13—these oscillations are
responsible for the formation of the spiral part of the curve in
the left part of the figure. The oscillation damping caused by
the collisions of electrons leads to a decrease of the spiral
radius and to the oscillation vanishing after a few rounds of
the spiral. Second, a much weaker excitation of plasma
oscillations is than visible during the expansion of the sheath
at the grounded electrode, i.e. during the increase of the
sheath voltage U in figure 13.

8. Conclusion

Measurement by a high-impedance probe (with no RF com-
pensation) was evaluated by means of a simple model of the
sheath around the probe in order to acquire reliable
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waveforms of the plasma potential. In particular, the temporal
development of plasma potential during an RF period of a
low-pressure capacitively coupled discharge was measured in
this work. This method of plasma potential measurement was
tested by means of DC probe biasing, which ensured sig-
nificant changes of the thickness of the sheath around the
probe. Despite the strong variation of the sheath thickness, the
resulting plasma potential waveforms were practically iden-
tical within several percent of their peak-to-peak voltage,
which indicates a good reliability of the presented method.
The reliability of the presented method is restricted to mea-
surements when the probe is not biased to high positive
voltage values, since the model used is not suitable for
situations when the probe potential is higher than the
instantaneous plasma potential. For this reason, a generalized
sheath model will probably be required when such a probe
with no RF compensation will be used for the measurement of
electron concentration and temperature. Besides the U > 0
requirement (i.e. the sheath around the probe should not
collapse), the described method assumes that the ion current is
constant, i.e. that the frequency of the supplied discharge
voltage is higher than the ion plasma frequency. Further,
equation (5) was derived for low pressure when the mean free
path of electrons is higher than the sheath radius. If these
conditions are not fulfilled and the electron/ion current is not
negligible, equations (4) and (5) should be generalized. For-
tunately, the ion and electron current usually create only a
small part of the probe current and, therefore, the presented
method is not very sensitive to the validity of the last two
conditions.

The basic version of the measurement requires knowl-
edge of the mean (DC) value of the plasma potential, electron
concentration and electron temperature. However, it was
observed that the method is not very sensitive to the values of
electron temperature and concentration, and that the uncom-
pensated probe enables an estimation of the mean value of
plasma potential. Consequently, for approximate measure-
ments of plasma potential waveforms, the presented method
can be used even without knowledge of any of these three
input parameters.

The presented method was compared with previous
methods of plasma potential waveform measurements that
differ from the presented method either by an approximation
of the sheath around the probe by a capacitor or by use of a
low-impedance probe. The basic shape of plasma potential
waveforms measured by means of the previous methods was
usually similar to waveforms measured by the presented
method. On the other hand, in some experiments a significant

disagreement was found and, therefore, the presented method
is recommended for measurements of plasma potential
waveforms instead of previous methods.

Finally, the described method was used for plasma
potential waveform measurements in a low-pressure capaci-
tively coupled discharge. In agreement with theoretical
models, the plasma potential contains a number of higher
harmonic frequencies that reached high amplitudes, especially
at low pressure, at high electron concentration and when their
frequency was close to the frequency of the plasma—sheath
resonance.
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Abstract

Reactive magnetron sputtering suffers from processing stability problems and the optimal
experimental conditions for thin film deposition usually lie very close to an abrupt transition
from the metallic to the compound mode. Therefore, a fast feedback method is needed to
automatically control either the flow of the reactive gas, or the discharge power to keep the
process at the desired operating point. A promising method for this process of monitoring,
based on the measurement of amplitudes of higher harmonic frequencies of discharge
voltages, is proposed. The measurement of the amplitudes can be performed either by an
uncompensated probe in the plasma or on the cable between the RF generator and the sputtered
target. The sensitivity of the proposed method is significantly better than measurement of
other electrical quantities conventionally used for process control. Physical reasons for the
change in amplitudes of higher harmonic frequencies during the mode transition are found.
The paper shows that the observed changes in amplitudes of higher harmonics by the transition
are not caused either by the pressure change, or by the changes in the composition of the gas in
the reactor volume. It is found that the amplitudes of higher harmonics reflect primarily the
state of the magnetron target poisoning. The amplitudes thus belong to a group of process
parameters representing the target state, which are considered to be the best for reliable

process control.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The magnetron sputtering deposition process is an important
industrial technique, which is frequently used for the
deposition of thin films [1,2]. A wide range of compound
materials can be deposited adding a reactive gas to the
deposition chamber. In addition the reactive magnetron
sputtering process enables the deposition of various effective
insulating materials. However, problems associated with the
sputtering of highly insulating materials are widely reported
[3-5]. Adding a reactive gas to the deposition process leads
simultaneously to the formation of an insulating layer on the
areas away from the racetrack areas of the target and at the
grounded parts of the reactor [6]. These areas are continuously
charged up and an arcing occurs. The arc formation avoids
the stable operation of the deposition process and results in

0963-0252/10/055016+08$30.00

the formation of defects, inhomogeneities and droplets in the
growing film [7,8]. To avoid this undesirable arcing, it is
necessary to repetitively neutralize the surface charge built up
on the target using either radio frequency or pulsed magnetron
sputtering [9, 10].

Another feature of reactive sputtering controlled by the
flow of the reactive gas is its hysteresis behaviour. When
the reactive gas flow rate is small, most of the reactive gas
is incorporated into the deposited material and the amount
of reactive gas in the volume is very low. The process runs
in the so-called metallic mode. Conditions in the deposition
chamber are given mainly by the simultaneous processes of
the formation of compound molecules at the target either by
chemisorptions [11-13] or by the implantation of the reactive
gas [14], cleaning of the target by out-sputtering of compound
molecules, growth of the film from sputtered species and

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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incorporation of the reactive gas at the growing film. At a
given sputtering power, the amount of reactive gas which can
be gettered by the growing film and at the target is always
limited. When a certain flow of the reactive gas is achieved,
a part of the reactive gas cannot be gettered any more and
its partial pressure increases. The resulting target poisoning
and drop in the gettering rate lead to a further increase in the
reactive gas concentration in the volume, higher flux of the
reactive gas on the target and more intense target poisoning.
This in a manner of positive feedback leads to a fast and radical
change of conditions in the deposition chamber that is known
as a transition from the metallic to the compound mode. After
the transition, the target surface is almost fully covered by the
compound and the deposition rate drops. In order to retrieve
the reverse transition from the compound to the metallic mode
it is necessary to substantially decrease the reactive gas flow.

Since films with the desired stoichiometry are deposited
under conditions that are very close to or lie within the
transition from the metallic to the compound mode, continuous
monitoring of the deposition process is highly desirable.
Various markers are used to monitor whether the process runs
in the narrow range of the optimal experimental condition
or whether it is necessary to intervene. The most common
and reliable are the following: cathode voltage, intensity
of atomic lines and/or intensity of molecular spectral band
[15-19].  Recently, another method suitable for radio
frequency sputtering has been introduced [20]. The method
is based on the measurement of higher harmonic frequencies
of the discharge voltages and was shown to be an extremely
sensitive method for monitoring the state of reactive magnetron
sputtering.

Higher harmonics of discharge voltage and current are
produced in capacitive discharges due to the nonlinearity of
sheaths [19,21]. Since the sheaths are in contact with bulk
plasma, higher harmonics are strong in particular when their
frequencies are close to the series plasma—sheath resonance
[22]. Also, the harmonics are strong when they are not
damped by collisions between electrons and neutrals. Both
conditions are fulfilled at pressures typically below 10 Pa [23]
which is a typical range of pressures used for magnetron
sputtering. The text above indicates that the behaviour of
higher harmonics depends on pressure, electron concentration
and collision frequency [21,22,24]. Further, it depends
on the sheath voltages [19,25], position in the reactor and
the distance between the electrodes [22]. Since higher
harmonics are produced in sheaths, they should depend on
other parameters that influence sheaths such as discharge
asymmetry or mean free path of positive ions, which influences
sheath thickness and electrical characteristics. Since the
sheaths are in contact with the electrodes, the presence of
higher harmonics depends on the whole RF circuit including
the matching unit configuration [25, 26] and impedance of the
reactor with the plasma [27]. Moreover, the plasma in the
magnetron is magnetized which altogether leads to a complex
behaviour of higher harmonic frequencies.

Since the behaviour of higher harmonics sensitively
depends on many plasma parameters, higher harmonics are
used for monitoring and diagnostics purposes. They are used,

e.g., for the end-point detection of etching processes [27],
monitoring of dust growth [28] and for the measurement of
electron concentration and collisional frequency [24]. It has
been shown recently [20] that the amplitude of higher harmonic
frequencies changes pronouncedly by the transition from the
metallic to the compound mode of the reactive magnetron
sputtering deposition process. In this paper, the previous
study is extended; the method is studied for two different
reactive gases in a broader range of pressures and at various
measurement points and the physical reason for the changes in
amplitudes of the higher harmonics by the transition is sought.

2. Experimental

A diagram of the experimental device is shown in figure 1.
The experiment was performed in the industrial sputtering
deposition system Alcatel SCM 650. The cylindrical vacuum
chamber, 65 cm in diameter and 35 cm in height, is equipped
with a set of four well-balanced magnetron heads, two are
located on the top and two at the bottom of the deposition
chamber. A rotating substrate holder is placed between them.
A titanium target of 20cm diameter and 99.9% purity is
mounted on one of the top magnetron heads. RF power
is supplied by Advance Energy Cesar 1.2kW RF power
generator, which generates electric field with a frequency
of 13.56 MHz. Prior to the measurement, the chamber is
evacuated by a turbo molecular pump backed by a rotary
pump. The turbo molecular pump is throttled during the
experiment to obtain the desired pumping speed. Argon
and the reactive gases (nitrogen and oxygen) are dosed using
thermal mass flow regulators. Floating potential waveforms
are measured by means of a home-made uncompensated probe
made from a 15cm long metallic wire with a diameter of
0.5 mm that is by a coaxial cable connected to an oscilloscope.
The uncompensated probe is positioned in parallel between
the target and the substrate at a distance of 2cm from the
target. Waveforms of the cathode and of the probe voltages
are recorded by a digital LeCroy Waverunner 6100A 1 GHz
oscilloscope with an input impedance of 1 MQ2. Amplitudes
of fundamental and higher harmonics were derived from the
measured data by Fourier transformation. The amplitudes of
the harmonics are compared with other quantities usually used
for process monitoring: the cathode bias is derived directly
from the waveform of the cathode voltage, the intensity of
Ti lines was measured by a Jobin-Yvon Triax 320 grating
spectrometer equipped with a CCD camera and the pressure is
registered by a precise MKS 1 Torr baratron. Unless written
otherwise, the experimental conditions were the following:
RF power 1kW, Ar supply 20sccm and partial pressure of
argon 1 Pa.

3. Results and discussion

The hysteresis nature of reactive magnetron sputtering is
demonstrated in figure 2 where the emission of a selected
Ti line measured at 365 nm is plotted as a function of the
nitrogen and oxygen reactive gas supply. The hysteresis
region is clearly defined by the different evolution of the
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— Figure 2 demonstrates that optical emission spectroscopy
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Figure 2. Intensity of Ti line measured at 365 nm as a function of
the nitrogen and oxygen reactive gas supply.

curves corresponding increase and decrease in the supply of
the reactive gas. On recording the emission corresponding
to molecular bands or to atomic lines of nitrogen or oxygen,
inverse behaviour is observed. Within the hysteresis loop,
there exist, for a certain supply of the reactive gas, two
different stable operations of reactive magnetron sputtering.
The metallic regime characterized by high intensity of Ti lines,
high deposition rate, low reactive gas content in the growing
film and in the reactor volume can turn into the compound
regime which is characterized by low intensity of Ti lines, low
deposition rate and high reactive gas content in the film and
in the reactor volume. Films with the right stoichiometry are
deposited under conditions that are very close to or lie within
the mode transition, i.e. under conditions where the process is
extremely sensitive to changes in any of the process parameters
mainly to the RF power and the reactive gas supply.

voltage changes rapidly by the mode transition and as an
electrical measurement it does not require any modification
of the deposition chamber. Under certain conditions, such
as when Si target is sputtered in oxygen, the cathode voltage
changes from 700V for pure Si target to 200V for a target
covered by SiO; [3]. However, there is a wide range of
sputtered materials where the changes in the cathode voltage
are very small or even nonmeasurable. A very good overview
of the values of the cathode voltage in metallic and compound
modes has recently been provided by Depla et al [29]. In
the cases where the changes in the cathode voltage are low,
another sensitive method enabling the distinction between the
regimes of reactive magnetron sputtering is desired, which
does not require the presence of windows or other redundant
modifications of the deposition chamber.

Recently, a diagnostic method suitable for radio frequency
sputtering has been introduced [20], which can be used for
the control of the state of the deposition process. The
method uses the changes in the nonlinear discharge behaviour
that are induced by the transition from the metallic to the
compound mode and vice versa. Itis based on the measurement
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Figure 3. Typical voltage waveforms recorded by the
uncompensated probe both in the metallic and compound (1.5 sccm
0O,) modes and the spectral distribution of the higher harmonics in
the measured signal.

of amplitudes of higher harmonic frequencies of discharge
voltages. These higher harmonics can be measured by means
of an uncompensated probe immersed in the plasma [30, 31],
or by a grounded electrode [30] or a segment of the reactor
wall that collects a part of the discharge current [24]. Another
possibility is to perform measurements of voltage or current
on the line between the power generator and the powered
electrode [27]. In this study, the probe was introduced
into the chamber via a standard flange. Alternatively, the
sensor for the detection of higher harmonics can be integrated
directly into the wall of the deposition chamber. Small
diameter of the probe excludes any significant perturbation of
plasma [32]. Since sputtering of a floating probe is negligible
and eventual insulating films growing on its surface have
only small effects on the signal with high frequency, we
have not observed any change in probe performance during
our experiments. However, all these eventual effects can be
excluded by measurements on the electric line to the powered
electrode, as described below. Typical voltage waveforms
recorded by the uncompensated probe both in the metallic and
compound modes (1.5 sccm of O,) are plotted in figure 3. The
nonlinear nature of the discharge leads to a rather complicated
waveform of the measured signal. The originally sinusoidal
signal coming from the generator is transformed by plasma
sheaths to a multi-frequency signal with a rich proportion of
higher harmonics. In addition, the spectral distribution of the
higher harmonics in the measured signal is plotted in figure 3.

The proposed method of monitoring the state of magnetron
sputtering is based on the fact that waveforms of the measured
voltage differ in the metallic and compound modes. However,
these changes in the visual appearance of the waveforms should
be represented by a sensitive and reproducible parameter that
would be easy to measure. Rich amount of higher harmonics
in the waveforms prompts the use of their amplitudes as
the desired monitoring parameter. The relation between the
voltage waveform measured by the probe and the discharge
current or the plasma potential waveform is generally quite
complex since the oscilloscope input impedance is not matched

with the probe impedance and the probe is surrounded by a thin
nonlinear sheath [31]. However, for monitoring purposes it is
not necessary to perform the complete analysis of the measured
data. Simple monitoring of the amplitudes of the measured
higher harmonic frequencies is entirely sufficient.

The signal from the probe was recorded as a function of
the reactive gas supply for both branches of the hysteresis
curve. Since the amplitude of harmonics decreases with
their frequency (except several exceptions), the evolution of
only the first 15 harmonics was studied. Almost all of the
studied harmonics measured by the probe show hysteresis
behaviour. The amplitude of some harmonics was increased
by the transition from the metallic to the compound regime;
the amplitude of others was decreased. In figures 4 and 5 the
evolution of amplitudes of selected higher harmonics measured
by the uncompensated probe is plotted as a function of the
nitrogen or oxygen reactive gas supply. Data are plotted for
both branches of the hysteresis curve. All plotted dependences
clearly show the hysteresis region. The changes in amplitude
of all studied harmonics observed by the mode transition do
not depend significantly on the type of the reactive gas but
do strongly depend on the order of the harmonic. Some of the
harmonics change only by several per cent during the transition
from the metallic to the compound mode, some by several tens
of per cent, or even more. In this study, the amplitude of the
ninth harmonic changed by about 130% when the abundance
of the oxygen supply caused transition from the metallic to
the compound mode. It is almost impossible to predict, for
certain experimental configuration, which harmonic is the most
sensitive without performing the real experiment. In practice, it
should first be determined which harmonic is sensitive enough
for the actual experimental geometry. Subsequently, this
harmonic can be filtered out from the measured signal, rectified
and used to drive a standard feedback system.

The harmonics can be measured not only in the plasma,
but also on the coaxial cable between the RF generator and the
sputtered electrode. In this position, the amplitudes of higher
harmonics are usually relatively small when compared with
the fundamental harmonic [19]. However, the difference in
values corresponding to the metallic and compound modes is
still sufficiently high to provide reliable control of the reactive
magnetron sputtering deposition process, as shown in figure 6.
The measurements at the coaxial cable are less sensitive than
the measurements made by the probe. In this study, the
amplitudes of harmonics changed maximally by 20% by the
mode transition. On the other hand, the lower sensitivity
of measurement on the cable is compensated by a practical
advantage: it is not necessary to introduce any probe into the
plasma chamber.

In this study the electrical quantity most sensitive to the
state of the process is the amplitude of a selected higher
harmonic measured by the probe in the plasma. It is followed
by the amplitude of a selected higher harmonic measured on
the coaxial cable between the RF generator and the sputtered
electrode. The less reliable electrical quantity is the cathode
self-bias voltage. Similar succession can be expected also
for other combinations of sputtered materials and reactive
gases. There are only a few cases where the cathode self-
bias changed sufficiently by the transition [29]. In every
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other case, the higher harmonics could be the only reliable
electrical quantity to control the state of the reactive magnetron
sputtering deposition process.

The behaviour of higher harmonic frequencies strongly
depends on pressure [23]. Therefore, their response to the
transitions between the metallic and the compound mode
was studied as a function of pressure. The aim was
to test the validity of the proposed method in the whole
range of pressure which is typical for reactive magnetron
sputtering. The amplitudes of higher harmonics measured
by the uncompensated probe were measured in two cases:
both in pure argon (metallic mode) and in a mixture of argon
with 5 sccm of oxygen or nitrogen (compound mode). As an
example of the results, the amplitude of the fifth harmonic is

plotted as a function of actual pressure in figure 7. In the
metallic mode, the actual pressure corresponds to the pressure
of pure argon whereas in the compound mode the actual
pressure is increased by the contribution of the reactive gas.
Figure 7 demonstrates that the amplitudes of harmonics are
changed significantly by the mode transition in the whole range
of studied pressure. The same positive result was obtained
for harmonics measured on the coaxial cable between the RF
generator and the sputtered electrode.

The amplitudes of harmonics evidently depend on the
pressure. The mode transition is accompanied by a small
change in pressure as the reactive gas ceases to be incorporated
into the growing film and remains in the reactor volume.
However, the amplitude variation observed by the mode
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transitions is significantly higher than that corresponding to the
pressure change induced by the transition. Thus, itis necessary
to examine the influence of other effects on the behaviour of
higher harmonics.

The change in higher harmonic amplitudes during the
transition from the metallic to the compound mode (and vice
versa) could be caused by many physical effects. After
excluding the role of the actual pressure on the observed
changes by the transition, there remain other effects to
investigate. The partial pressure of the reactive gas is increased
during the transition leading to changes in gas composition
followed by changes in electron density, electron temperature
and collision frequency. Moreover, the chemical composition
of the surface of the sputtered target changes leading to changes
in sputtering yield and Tausend y coefficient. Thus, the degree
of target poisoning may affect the electron concentration and
temperature as well.
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Figure 8. Temporal evolution of amplitude of the fifth harmonic
measured by the probe (solid line) and intensity of titanium atomic
line (dashed) for intentionally fully poisoned target being cleaned in
pure argon gas.

In order to distinguish whether the gas or the target
composition is responsible for the behaviour of the higher
harmonic frequencies by the mode transition the following
experiments were performed. First, the target was cleaned
by sputtering in argon gas. After that, 10 sccm of oxygen was
added to the plasma in order to fully poison the target. The
poisoning took either 900s, 120s or it was omitted. In the
next step, the discharge and the oxygen flow were stopped
simultaneously and oxygen gas was fully evacuated from the
sputtering chamber. Then, a discharge was ignited in pure
argon and temporal behaviour of higher harmonics was studied
simultaneously with the evolution of titanium emission line.
Sputtering of the oxide layer in pure argon led to target cleaning
as it occurs by the transition from the compound to the metallic
mode. However, in this case no significant changes in the gas
composition took place. The results of these experiments are
plotted in figure 8. It was observed that the strongest change
in higher harmonic amplitudes occurred simultaneously when
the intensity of the titanium line was increased, i.e. at the
moment when the oxide layer on the target was being removed.
As expected, the cleaning lasted longer for a thicker oxide
layer, i.e. for oxide created during a longer time of poisoning.
As demonstrated in figure 9, the amplitudes of all studied
harmonics changed at the same time.

A comparison of figure 9 with figure 5 shows that the
changes in amplitudes of higher harmonic frequencies induced
only by the cleaning of the target are almost the same as the
changes that occur during the transition from the compound
to the metallic mode. The same finding was obtained also
for other harmonics. Consequently, the behaviour of higher
harmonic frequencies, during transitions between the metallic
and the compound mode, is caused only by the changes in
target composition and the consequent effects on the discharge
and not by the changes related to neutral gas composition.
The same finding was obtained when oxygen was replaced
by nitrogen. The compound (oxide or nitride) layers have
a different coefficient of secondary electron emission from
the pure target surface [33]. Consequently, transition to the
compound mode leads to a change in electron concentration
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Figure 9. Temporal evolution of amplitudes of higher harmonics
measured by the probe and intensity of titanium atomic line for
intentionally fully poisoned target being cleaned in pure argon gas.

in the plasma accompanied by a shift in the eigenfrequency of
plasma oscillations that can explain the change in amplitudes
of higher harmonic frequencies. The amplitude of a higher
harmonic is usually strong if its frequency is close to the
eigenfrequency of the system of plasma, sheaths and reactor
[22]. This eigenfrequency is usually several times higher than
the fundamental frequency (13.56 MHz) and, therefore, its
change should influence the amplitudes of higher harmonic
frequencies. The observed results are compatible with the
findings of Depla et al [29] that small changes, in particular
at the target level, have a strong influence on the discharge
voltage, because the discharge voltage depends strongly on
the ion induced electron emission yield and hence, on the
electronic properties of the target. The cited findings were
derived for dc sputtering. Similarly, our study concluded
that the properties of the target surface and the amplitudes
of the higher harmonics of the discharge voltages are strongly
correlated.

4. Conclusion

A very sensitive method suitable for monitoring the state
of the reactive magnetron sputtering deposition process is
proposed. It is based on the measurement of amplitudes of
higher harmonic frequencies which are produced due to the
nonlinear behaviour of plasma sheaths. The amplitudes of
all studied harmonics show hysteresis behaviour caused by
transitions between the metallic and the compound mode.
The changes in the amplitudes of different harmonics are not
identical, the amplitude of some is increased by the transition
from the metallic to the compound regime; the amplitude of
others is decreased. Typically, the changes in the amplitudes
are several tens of percent during the transition from the
metallic to the compound mode, the maximal observed change
by the transition was 130%. The behaviour of higher
harmonics was studied in the whole range of pressures that is
usually used for magnetron sputtering. The sputtered material
was titanium and two different reactive gases (nitrogen and

oxygen) were used. It was found that the proposed method
is useful, sensitive and reproducible in the whole range of
studied experimental conditions. Higher harmonics were
measured at two different locations: directly in the plasma
and at the cable between the power generator and the target.
The most sensitive measurements were done by means of a
home-made uncompensated probe immersed in the plasma.
Harmonics measured on the cable between the RF generator
and the sputtered target are less sensitive markers of the mode
transition, but their sensitivity is entirely sufficient and better
than other electrical quantities conventionally used for process
control. The lower sensitivity of measurement is compensated
by the fact that there is no need to introduce any probe into the
plasma reactor. Physical reasons for the change in amplitudes
of higher harmonic frequencies during the mode transition
were sought. The influence of pressure and composition of the
gas in the reactor volume was excluded. It was found that the
properties of the target surface and the amplitudes of the higher
harmonics of the discharge voltages are strongly correlated
quantities and that the observed changes in the amplitudes by
the transition can by fully explained by the changes in the state
of the sputtered target.
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Abstract

CrossMark

Time development of electric field strength during radio-frequency sheath formation was
measured using Stark polarization spectroscopy in a helium -mode radio-frequency

(RF, 13.56 MHz) atmospheric pressure glow discharge at high current density (3 A cm™2).

A method of time-correlated single photon counting was applied to record the temporal
development of spectral profile of He I 492.2nm line with a sub-nanosecond temporal
resolution. By fitting the measured profile of the line with a combination of pseudo-Voigt
profiles for forbidden (2 'P—4 'F) and allowed (2 'P—4 'D) helium lines, instantaneous electric
fields up to 32kV cm~! were measured in the RF sheath. The measured electric field is in
agreement with the spatially averaged value of 40kV cm™' estimated from homogeneous
charge density RF sheath model. The observed rectangular waveform of the electric field time
development is attributed to increased sheath conductivity by the strong electron avalanches

occurring in the y-mode sheath at high current densities.

Keywords: radiofrequency discharge, atmospheric pressure, electric field, helium

(Some figures may appear in colour only in the online journal)

1. Introduction

Radio-frequency atmospheric pressure plasmas have become
a useful tool in various plasma processing applications [1].
Using bare metal planar electrodes and a radio-frequency
(RF) power source, a non-thermal, so-called radio-frequency
atmospheric pressure glow discharge (RF APGD) can be
easily obtained in helium, neon and argon [2-5]. When a
discharge gap is below several millimetres and the applied
RF power is low, the discharge operates in a homogeneous
a-mode. The RF APGD transits into y-mode at a higher RF

0963-0252/16/03LT01+6$33.00

power. Although the discharge is constricted to a smaller elec-
trode area and the neutral gas temperature is increased in the
~y-mode, it is an efficient source of charged particles, meta-
stables and reactive species [6, 7].

RF APGD in helium in the planar electrode gap was a sub-
ject of numerous studies [4, 8—19]. Since the direct measure-
ment of the electric field in RF APGD is difficult, the electric
field was obtained by a numerical modelling or estimated from
the measurement of the applied voltage and of the discharge
current. The electric field of 1-3kV ecm™' was identified in
an a-mode discharge bulk [4, 18]. The time averaged electric

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Scheme of experimental set-up. G—13.56 MHz generator, O—oscilloscope LeCroy WaveRunner 6100 A, Al—monochromator
JY HR-640, TCSPC—time correlated single photon counter BH SPC-150, A2—Horiba FHR-1000 spectrometer with CCD. The curvatures

in the zoomed figure are largely exaggerated.

field, obtained from the modelling, reached 5kV cm™! in
a-mode RF sheath, decreasing linearly from the electrode [6].
The evaluation of the electric field in v-mode discharge from
electrical measurement is even more complicated because of
discharge non-uniformity, uncertain electrode coverage and
also RF sheath thickness decreasing to about 100 pym and
less at high current densities [4, 6]. The time-averaged elec-
tric field calculated with a 1D model for a current density of
106 mA cm 2 reached 12kV cm™! in 4-mode RF sheath, also
decreasing linearly from the electrode [6].

Since electron impact excitation occurs inside the sheath of
~y-mode discharges [16], the light emission from the y-mode
RF sheath is significant and the electric field in the sheath can
be determined from Stark splitting of atomic spectral lines
using optical emission spectroscopy. In case of RF electric
field (13.56 MHz), the high frequency Stark effect observed
in microwave electric fields [21] does not occur and the Stark
shift dependence on instantaneous electric field is the same
as in the DC field [20]. In this work, we applied a method of
Stark polarization spectroscopy of helium 492.2nm line for
the time-resolved measurement of electric field in RF sheath
of 7-mode RF APGD. Splitting of hydrogen atomic lines [22]
could not be used due to their low intensity in the discharge
and their excitation mechanism [23, 24]. Helium 492.2nm
line has already been applied for the electric field measure-
ment in cathode fall of low pressure DC glow discharge and
of atmospheric pressure diffuse barrier discharge [25, 26,
28]. Stark broadening of the same line can be used for elec-
tron density measurement for values of density higher than
10'6 cm~3 [27].

2. Experimental setup

The stable v-mode RF APGD was generated between hemi-
spherical bare metal electrodes inside a steel vacuum cham-
ber (see figure 1). The electrodes were made of brass, § mm
in diameter and they were cooled by oil-cooling circuit. The
chamber was evacuated first down to 5 Pa by a rotary oil pump
and then filled with helium (gas purity 5.0) up to atmospheric

pressure. A gas flow of 200 sccm was kept constant during
the measurements using a membrane pump. The discharge
gap was 2mm. The harmonic 13.56 MHz signal was gener-
ated by a function generator (Agilent 33220A) and amplified
with RF power amplifier (Hiittinger TIS 0.5/13560). Electrical
parameters were monitored by a digital storage oscilloscope
(LeCroy WaveRunner 6100A). The use of hemispherical elec-
trodes decreased the voltage needed for a-y mode transition.
The amplitudes of voltage and current were 240V and 0.6 A,
respectively.

The vacuum chamber was equipped with quartz windows
for optical diagnostics. A glass polarizer introduced into the
optical path extracted the light polarized in the direction of the
interelectrode axis. A spatial resolution of the optical meas-
urements was achieved by projecting the discharge with unit
magnification by a quartz lens onto a 20 pm slit, with an opti-
cal fibre located beyond it. The slit was located at the position
of the maximum intensity of He I 492.2nm line at the driven
electrode. Temporally resolved optical emission spectroscopy
was performed by the method of time-correlated single photon
counting (TCSPC). The light collected by the optical fibre was
first spectrally resolved (Jobin Yvon HR-640, grating 1200 gr
mm™!, instrumental FWHM 0.075nm) and then analyzed by
a single photon counter (Becker and Hickl SPC-150) with a
photomultiplier working in a photon counting mode (PMC-
100-4). Arrivals of the individual photons were correlated
with the RF signal, taken from the function generator, with
a temporal resolution of 0.8 ns. The monochromator scanned
slowly over the spectral profile at 492.2nm with a step of
0.02 nm. Temporally unresolved optical emission spectra were
recorded by Horiba FHR-1000 spectrometer (grating 2400 gr
mm~ !, instrumental FWHM 0.005nm, CCD detector).

3. Results and discussions

Temporally unresolved spectral profiles of He  492.2nm line
measured with the CCD at varied RF power at the driven elec-
trode are displayed in figure 2. The measured profiles consist
of uncommonly broad allowed (2 'P—4 'D) and forbidden
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Figure 2. Time-unresolved spectral profiles of He I 492.2nm line
in y-mode discharge measured at the driven electrode for varied
RF power. The spectral profiles were normalized according to

the maximum. The forbidden component is shown magnified in a
smaller plot.

(2 'P—4 'F) helium line. Time averaging and limited space
resolution led to inclusion of components from different
sheath regions into the measured profile (see zoomed drawing
in figure 1). The field strength distribution in the measured
regions is then reflected as the distribution of wavelength shift.
Since the forbidden component is emitted only in the high
field regions due to the braking of selection rules in the dipole
approximation, the result is a broad line. On the other hand,
since the allowed line is emitted in all of the sheath regions,
the result is a large wing on the red side of the measured pro-
file, instead of a single shifted line. The wing appears as a part
of a non-shifted peak of the allowed line at the central wave-
length of 492.19 nm, which corresponds to radiation from low
field regions (so-called field-free or ff component) [28].
When the RF power is low, a broad peak of the forbid-
den line is observed shifted at wavelengths 491.7—492.1 nm.
The increase of RF power (and current) decreases the sheath
thickness [6, 12] and the observed spatial region becomes a
region of lower electric field. The broad forbidden line there-
fore disappears and only a small narrow peak appears instead
at 492.04nm (approximately at zero-field wavelength of the
forbidden line). The measured FWHM of the field-free comp-
onent of 0.06nm does not vary with increased power, since
a negligible impact of Stark broadening is expected under
the studied conditions [27]. The most important broadening
mechanisms, van der Waals and resonance broadening by
helium ground state atoms, broaden the allowed component
to FWHM of 0.055 nm, in agreement with the measured value.
The time evolution of spectral profile of He I 492.2nm
line measured with TCSPC at the driven electrode is shown in
figure 3(a). Most of the light is emitted within 30 ns during
the sheath formation, when the voltage on the driven electrode
is the most negative (compare with figure 3(c)). When the
voltage on the driven electrode is positive, the light intensity
maximum is located at the other (grounded) electrode. The
non-zero intensity of ff component (AX = 0 nm) observed
in times between the intensity maxima is then mostly due to
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Figure 3. Time-resolved spectral profile of He I 492.2nm

line measured with TCSPC during the sheath formation in
~v-mode discharge at the driven electrode. (a)—global intensity
normalization in the plot, (b)—each spectral profile normalized
separately. Thick line denotes an intensity of half maximum of the
forbidden component. (c)—time-development of voltage, current
and line intensity integrated over the spectral profile. Time O ns
corresponds to the time of the discharge current inversion.

reflected light originally emitted at the grounded electrode.
In the late phase of the emission maximum, the ff component
decays exponentially with a decay time of about 3.6 ns , the
forbidden and the allowed components decrease even some-
what faster (decay time about 2 ns). The radiative lifetimes of
helium 4 'D and 4 'F states are 36 and 67 ns, respectively [29].
However, 4 P, 4 D and 4 F levels are strongly coupled by exci-
tation transfer induced by collisions with helium ground state
atoms [30, 31]. Quenching of 4 D and 4 'F states by helium
atoms [31] results in decay times of 38 and 75 ps, respectively.
It may be concluded that the intensity of He I 492.2nm line
always follows the instantaneous discharge development. On
the other hand, the time resolution of electric field measure-
ment is not limited by the lifetimes of the excited states, since
the delay in photon emission does not influence the photon
wavelength dictated by instantaneous Stark shift during the
photon emission.

The time evolution of spectral profile of He 1 492.2 nm line,
but with each spectral profile normalized independently, is
shown in figure 3(b). The appearance of the forbidden line dur-
ing the intensity maximum confirms the existence of a region
with a high electric field strength, i.e. of the sheath region.
Outside this region the electric field is small and cannot be
measured. Two small maxima appear during this forbidden
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Figure 4. Fitted time-resolved He I 492.2 nm spectral profile
measured with TCSPC at time 30.4 ns at the driven electrode. Only
the forbidden and field-free component were included in the fitting
domain.

line development. The line intensity obtained as an integral
over the spectral profile is displayed together with the voltage
and current waveforms in figure 3(c). The intensity reaches
maximum approximately at the time when the electrode is the
most negative, as simulated in [16]. A small delay 2.2 ns of
the intensity is comparable to the experimental error of signal
correlation. The phase shift between the voltage and current is
around 60°, but the current is distorted by higher harmonics as
predicted in atmospheric pressure RF discharges [32].

An example of time-resolved spectral profiles slotted in
figure 3 is shown in figure 4. The time-resolved profiles are
broader in contrast to the observations in atmospheric pres-
sure barrier discharges [26]. As explained, this can be due to
insufficient spatial resolution and/or presence of non-axial
electric field (see zoomed drawing in figure 1). The sheath
thickness below 100 pm [6] is comparable with the expected
spatial resolution (optical slit width was 20 pm). The spatial
resolution is further reduced due to the use of round elec-
trodes for discharge stabilization, since the curvature of the
discharge near the electrodes leads to inclusion of different
regions along the optical path into the measured profile.

The measured allowed component was very broad and
could not be used for field determination. For this reason a
fitting method based on wavelength distance between the
forbidden component (emitted only in the high field regions)
and the field-free (non-shifted) component was developed.
Namely, the fitting function is a superposition of two pseudo-
Voigt profiles and the shift of the forbidden component is
directly related to the field strength via dependence given
in [28]. The intensities of two components and their widths
are free fitting parameters while the field strength is directly
obtained from the fit. In this case, the shifted allowed line is
excluded from the fitting domain (see figure 4).

Whereas the width of the ff component obtained from fit-
ting agrees with value calculated from expected broadening
mechanisms and instrumental width (/0.1 nm), the forbidden

intensity | 200

Electric field (kV/cm)
Voltage (V)

(9]

O 1
15 20 25 30 35 40 45 50
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Figure 5. Time-development of electric field strength at the

driven electrode obtained from the fit of forbidden and field-free
component. Solid and the dotted line denote the applied RF voltage
development and the development of intensity integrated over the
spectral profile, respectively.

component is much wider than expected (~0.3nm). Since
this suggests, that the forbidden line still contains light emis-
sion from regions with various electric fields, the electric field
strengths obtained from the fit should be taken only as an aver-
age value of the field in the cathode sheath.

The time-development of electric field strength, deter-
mined from the fits of the time resolved spectral profiles,
together with the development of He I 492.2nm line inten-
sity and applied RF voltage is shown in figure 5. The electric
field time development has almost a rectangular shape reach-
ing 32kV cm~!. The field is slightly higher at the beginning
and the end of the sheath formation, which can be seen from
the two maxima appearing in the forbidden line time develop-
ment (see figure 3(b))). As mentioned, large broadening of the
forbidden line introduces an uncertainty in the field determi-
nation and implies the presence of a wider range of the elec-
tric field strengths. Since the field strengths of ~30kV cm™!
shown here should be taken as average field values inside the
cathode sheath, the maximum field strength at the cathode is
expected to be at least twice higher, E> 60 kV cm™!. The
large width of the forbidden line also did not allow the meas-
urement of the electric field lower than about 10kV cm™".

A direct comparison of the measured electric field with
the results of previous numerical modelling as in [6] is not
possible due to a large difference in current density. The time-
averaged electric field at the driven electrode, calculated from
the presented time-resolved electric field development (figure
5),is 11.3kV cm™'. This value was obtained as the time aver-
age of the measured field over the whole voltage period with
assumed zero field outside the measured time interval. On the
other hand, the electric field of 6kV cm™, averaged in time
and over the sheath, was calculated for the much lower RMS
current density of 106 mA cm™2 [6] compared to the current
density jpms ~ 3A cm 2 in the presented measurement. These
electric field values are at least consistent taking into account
the trend of increasing electric field with the increasing cur-
rent density [6].

The measured development of the electric field can be
explained by a simple RF sheath model. The current density j
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Figure 6. Modelled densities of currents flowing from the
electrode: total current (red), current of ions and secondary
electrons (black, the Bohm flow of ions from bulk plasma is
depicted by a grey dotted line), current of electrons from bulk
plasma (green), displacement current (blue). Total RMS current
density was set 3 A cm~2 according to the experimental value. Time
0 ns corresponds to the time of the total discharge current inversion.

flowing from the electrode surface can be expressed as a sum of
the displacement current density eopdE/dt, ion current density
Ji» current density of secondary electrons +y j; and flux of elec-
trons from the bulk plasma. The flux of ions flowing through
the plasma-sheath boundary (—nvg, where vg = /kT./m; is
the Bohm velocity, 7, electron temperature and m; ion mass) is
in the sheath amplified due to ionization caused by avalanches
ignited by secondary electrons. The resulting amplified ion
current density at the electrode can be expressed by

—nevg

S y[eloe 1] ’ M

where n is the bulk electron density and s is actual sheath
thickness. Townsend ionization coefficient (aw = Ap e BP/E,
A=21m"'Pal, B=255Vm! Pa~!, E is the electric
field strength), and secondary electron emission coefficient
(v = 0.01) were taken in the same form as in [12]. Assuming
homogeneous ion density in the sheath n and much shorter
ion transport time through the sheath compared to the RF
period (which is justified by the small sheath thickness in the
~y-mode), the total current density can be written as

O = eSO new(+7)
A= dr 0 o (x, 1)dx
1—y|eh ownar g
4 Lo [BKTe eugovam, )
4 ™,

where m, is the electron mass and Uy, A nes?/(2¢) is the actual
sheath voltage.

The equation (2) was solved numerically for sinusoidal
current density j together with the condition, that sheath volt-
ages at the beginning and at the end of the period must be
equal (identical in our case with the condition of zero DC
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Figure 7. Modelled average electric field strengths for constant
ratio jpys/n and various total discharge current densities jpyg:

3 A cm ™2 (red), 300 mA cm 2 (blue, 3 x increased), 30 mA cm 2
(turquoise, 7 x) and 3 mA cm 2 (green, 50 x). The field strength
is spatially averaged over the RF sheath, having half the maximum
value at the electrode.

current flowing through the sheath). The waveforms of current
density components, obtained from the model for the total
current density jrys = 3 A cm 2 taken from the experiment,
are shown in figure 6. When the sheath voltage increases
sufficiently, the sheath conductivity rises sharply due to the

a(x)dx 1

increase of the term 'y[ef6 ] As a result, most of

the current is taken over by secondary avalanches, whereas
the displacement current (—ne ds/dt) is stopped, preventing
the sheath voltage from further growth. A similar situation
occurs in the second half of the period, when the sheath volt-
age is very small and the sheath conductivity is high due to the
electron current, which has to compensate the high ion current
from the first half of the RF period.

Several examples of the modelled electric field strength
for different current densities, obtained by solution of equa-
tion (2) and then spatially averaged over the sheath, are
shown in figure 7. The development of the electric field
strength for the conditions closest to the presented experi-
ment is depicted by the curve calculated for the highest
discharge current density jpys =3 A cm™2; the used bulk
electron density n =10 cm 3 [6] is only a rough estimate.
As concluded from figure 6, strong electron avalanches
initiated by ~ processes in high current y-mode RF sheath
can cause a strong increase of sheath conductivity in most
of the discharge period. Consequently, the growth of the
sheath thickness is stopped and the sinusoidal waveform of
electric field strength is replaced with the rectangular one
(see figure 7). The maximum electric field strength of 80kV
cm ™! at the electrode (twice the average value in homogene-
ous charge density model) corresponds well to the maximal
Stark shift of the forbidden component observed in figures 2
and 3. The calculated maximum sheath thickness of 45 ym
obtained for the presented discharge conditions is in agree-
ment with the small sheath thickness expected in the y-mode
discharge [6, 19].
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4. Conclusion

In conclusion, time development of electric field strength dur-
ing radio-frequency sheath formation was measured using
Stark polarization spectroscopy in helium ~-mode radio-
frequency atmospheric pressure glow discharge. Instantaneous,
but spatially averaged electric fields up to 32kV cm™' were
measured in the 7-mode RF cathode sheath, roughly in agree-
ment with the result of the RF sheath modelling (space aver-
aged 40kV cm™!). The observed rectangular waveform of
the electric field was attributed to the strong increase of the
sheath conductivity due to electron avalanches initiated by the
~ processes at high current densities. Improved spatial resolu-
tion of the measurement may reveal a higher maximal electric
field strength at the electrode, as expected from the RF sheath
modelling.
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Abstract

Coplanar dielectric barrier discharge (DBD) was ignited in pure water vapor at atmospheric
pressure in order to generate highly oxidizing plasma with one specific type of reactive radicals.
In order to prevent water condensation the used plasma reactor was heated to 120 °C. The
composition of the radical species in the discharge was studied by methods based on laser-
induced fluorescence (LIF) and compared with analogous measurements realized in the same
coplanar DBD ignited in air. Fast collisional processes and laser-surface interaction were taken
into account during LIF data processing. It was found that coplanar DBD ignited in water vapor
produces hydroxyl (OH) radicals with concentration in the order of 10°° m™, which is 10x
higher than the value measured in discharge in humid air (40% relative humidity at 21 °C). The
concentration of atomic hydrogen radicals in the DBD ignited in water vapor was below the
detection limit, which proves that the generation of oxidizing plasma with dominance of one
specific type of reactive radicals was achieved. The temporal evolution, spatial distribution,
power dependence and rotational temperature of the OH radicals was determined in the DBD
ignited in both water vapor and air.

Keywords: laser-induced fluorescence, TALIF, hydroxyl, OH, dielectric barrier discharge, DBD,

water vapor

1. Introduction

Nowadays, the potential application of atmospheric-pressure
plasma generated by various dielectric barrier discharges
(DBDs) producing highly reactive species for the surface
treatment of different materials is widely investigated. The
macroscopically homogeneous nonequilibrium plasma of the
coplanar DBD, variability of the used working gases and the
high-speed of surface processing are the main advantages in
the field of surface treatment [1-3]. The disadvantage of using
gaseous mixtures such as ambient air as the working atmos-
phere is the formation of various types of functional groups
on the plasma-treated surface. In order to obtain well-defined
surface modifications, treatment with only one specific type of

0963-0252,/17,/000000+11$33.00

reactive radicals would be advantageous. The desirable
solution could be the surface modification exclusively by the
hydroxyl (OH) functional groups generated by the atmo-
spheric-pressure highly oxidizing plasma [4, 5]. Such surfaces
with high concentration of OH groups play an important role,
e.g. for the immobilization of TiO, nanoparticles [6], proteins
[7] and other biologically active molecules [8] on chemically
inert polymers. For this purpose, we designed and constructed
a plasma reactor capable of generating the coplanar DBD in
pure water vapor at elevated temperature at atmospheric
pressure, since this discharge is expected to produce OH
radicals of high concentration. The presented work deals with
the diagnostics of reactive species produced in this plasma
source.

© 2017 IOP Publishing Ltd
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Figure 1. Scheme of coplanar DBD electrode system.

Diagnostics based on laser-induced fluorescence (LIF)
[9, 10] is suitable for the detection of reactive radical species
in discharges, since it is a sensitive method that enables us to
realize spatially and temporally-resolved measurements of
absolute concentration of the detected species. The OH
radical concentration was measured in various types of
atmospheric-pressure discharges, namely in jets [4, 11-14]
and in DBD [15, 16]. However, measurement in atmosphere
that is rich in water vapor is complicated due to the fast
quenching of the excited state, which is further accompanied
by vibrational and rotational energy transfer. Moreover,
fluorescence measurements in the coplanar DBD are chal-
lenging due to the vicinity of the surface of the dielectric
plate, since photoemission of the surface charge by laser shot
can artificially ignite the discharge event and because fluor-
escence of the dielectric contributes to the measured signal
[17, 18]. The presented work concentrates on LIF measure-
ment of OH radicals in a coplanar DBD ignited in pure water
vapor.

2. Experimental

2.1. Discharge setup

The coplanar DBD is a planar plasma source with a large
active plasma area of 200 x 80 mm. Its electrode system
consists of 16 pairs of 1.5 mm-wide electrodes with 1 mm
gap, see figure 1. The strips were placed on the planar ceramic
plate (Al;03-96% purity) with a thickness of 0.6 mm. To heat
the ceramics and prevent the undesirable sparking between
adjacent electrodes, the insulating oil was in direct contact
with the electrode strips.

The atmospheric-pressure plasma in water vapor was
generated in the chamber of a unique double-shell heated
stainless-steel plasma reactor shown in figure 2. As a source
of water vapor, the boiling water in a closed boiling flask was
used. Subsequently, this water vapor was introduced into the
reactor by a thermally insulated hose. The measurement of
LIF spectroscopy in water vapor was carried out after 10-15
min. The indicator of the successful chamber saturation with
water vapor was the visual change of the ignited plasma
(figure 15), as well as the change in current waveform mea-
sured during the whole LIF spectroscopy data acquisition, and
the visual control of the gas flow of water vapor through the
gas outlet. To prevent the condensation of water vapor on the
chamber walls and to heat the atmosphere in the chamber, the
components of the plasma reactor were continually heated
using five heating elements (Easytherm.sk s.r.o, Slovakia)

with power of 150 W. The atmosphere temperature in the
reactor chamber was controlled by a thermoregulator and the
temperature of the ceramics was regulated by a separate oil
thermostat to more than 120 °C.

During the reactor construction, emphasis was put on the
possibility of precisely adjusting the position of four quartz
glass windows to allow optical emission spectrometry (OES)
and LIF spectroscopic measurements. To prevent the ineli-
gible scattering of laser beam, the two side windows were
placed on the ends of the heated stainless-steel tubes at
Brewster’s angle (55.55°). In order to adjust the position of
the coplanar DBD electrode system and reduce scattering on
the ceramics, the electrode system was placed on an adjus-
table three-point holder with micrometric screws. All four
window enclosures were heated by separate heating elements
to prevent the condensation of water vapor.

The coplanar DBD was supplied by an AC high-voltage
power source (~14kHz) VF 700 (LIFETECH, Brno, Czech
Republic) and the input power was set in the range
175-350 W, which corresponds to voltages of 16-19kV
(peak-to-peak). To synchronize the high-voltage source with
the laser pulses, a variable transformer MA 4804 (from
Metrel, Slovenia) and two-channel arbitrary waveform gen-
erator RIGOL DB4162 with bandwidth 160 MHz were used.

2.2. Diagnostics setup

The scheme of the experiment is shown in the figure 3. A
laser system consisting of a 30 Hz Q-switched pumping laser
(Quanta-Ray PRO-270-30), a dye laser (Sirah, PRSC-D-24-
EG) and a frequency doubling or tripling unit was used to
produce short laser pulses (ca 8ns) with a wavelength
around 282 or 205 nm for the excitation of OH radicals or
atomic hydrogen radicals, respectively. In case of atomic
hydrogen two-photon absorption LIF (TALIF), the laser
beam was focused into the central part of the reactor; in the
case of OH radical LIF, a rectangular aperture (approx.
2 mm high and 5 mm wide) was used to shape the laser beam
only to the area near the dielectric surface. The fluorescence
signal was recorded by an intensified CCD camera (PI-MAX
1024RB-25-FG43) with interference filters. The energy of
each pulse was detected by a pyroelectric energy sensor
(Ophir).

Monochromator FHR-1000 by Jobin-Yvon-Horiba (2400
gr/mm, CCD detector Symphony cooled by a four-stage
Peltier cooler, spectral resolution of 0.05 nm, spectral range
200-750 nm) was used for the spectral measurement of
spontaneous discharge emission in the range 305-340 nm.
The discharge emission in a wider range was detected by an
Andor Shamrock 750 spectrometer (1200 gr/mm, CCD
detector DU940P-BU2 Andor, spectral resolution 0.04 nm,
spectral range 200-1000 nm). The optical fiber was posi-
tioned perpendicularly to the plasma layer, so that emission
from several microdischarges was acquired. The acquisition
time for the recorded spectra was set to 100 s.

Ql
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Figure 2. Scheme of the reactor for plasma generation by coplanar DBD in water vapor.
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Figure 3. Scheme of LIF setup.

3. Diagnostic methods

3.1. OES

Radiation emitted from the discharge during spontaneous
transfer between A>Y+ and X?II was observed using OES. The
measured spectrum range 305-334 nm includes four vibrational
bands (0-0), (1-1), (2-2) and (3-3) for rotational levels up to 35.
Using known line positions and emission coefficients for several
transfers from each vibrational and rotational state, it was pos-
sible to calculate the relative population of that state even if most
of the emission lines overlap. The emission spectra of the
coplanar DBD in heated air, hot air with increased concentration
of water vapor, and in pure water vapor was measured.

32 LIF

3.2.1. Principle of OH LIF. In order to spectrally separate the
measured fluorescence signal from the scattered laser
radiation, the OH radicals were excited from the ground

282 nm

306—314 nm

Figure 4. Excitation and fluorescence schema.

vibronic state X2II(v" = 0) to the vibrationally-excited state
A2 (v = 1) by laser shots with wavelengths in the range
282-284 nm, see figure 4. Due to the vibrational energy
transfer (VET) in the excited state, the vibronic state
AZY (v = 0) was also populated due to collisions of
excited radicals with neighboring molecules. Consequently,
the two vibrational (1-1) and (0-0) bands of fluorescence
radiation with approx. wavelength ranges 306-314 and
312-320 nm, respectively, were detected and used for the
calculation of OH concentration. The detection of scattered
laser radiation was eliminated by means of long-pass and
bandpass interference filters.

The intensity of the measured fluorescence signal is
given by the sum of the contributions from all rotational lines
of the radiation generated by the excited OH radical

Qoo
= [ [ 2 [ [srpepapne

+ Y FOCPAL N,.<°>)dt av e))
i
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with the following meaning of the used symbols: lower
indexes ; and ; denote particular rotational levels of the excited
AZY* and ground XZII electronic states, respectively, upper
indexes (') and (°) denote the vibronic state A2X+(v' = 1) and
AV = 0), respectively. N/” and N{" are concentrations
of OH radicals in a particular rotational level of the v/ = 0
and v/ = 1 vibronic A2Xt state, F, ;; are filter transmittances
and Cj; quantum efficiencies of the ICCD camera for the
wavelength of the particular i — j rotational line of the
relevant vibrational band. A; is the radiative transition
probability of the particular line and €2 is the solid angle at
which the fluorescence is collected by the ICCD camera. Only
vibrational bands 1 — 1 and 0 — O are taken into account,
since the wavelength of other OH bands lies outside the
transmission range of the used filters. The signal is integrated
over the whole detection volume and the whole duration of
the fluorescence process.

In spite of the fact that only one level is excited by laser
excitation directly, tens of rotational levels participate in the
fluorescence process due to fast rotational energy transfer
(RET) and VET induced by collisions of excited OH radicals
with neighboring molecules. In principle, the concentration of
all these levels can be calculated by means of a set of ten
kinetic equations. However, with the assumption that RET
causes fast transition to rotational equilibrium of the particular
vibronic AZY" state, the situation can be simplified and only
three effective excited levels can be taken into account: first
effective level comprises all rotational levels of the
A?Y (v = 0) state and we expect that the population of
these rotational levels is in equilibrium that is described by
rotational temperature 7. The OH distribution to particular
rotational sublevels in this effective level will be described by
the Boltzmann factor f©. The second effective level is an
analogous system of all rotational levels of the A2 +(v' = 1)
state that are in equilibrium, and its concentration and
Boltzmann factors will be marked N, and £, respectively.
The second effective level also contains the rotational level
that is directly excited by laser, but only with concentration
described by the Boltzmann factor (M fe(;:c)ne 4)- The third
effective level contains all the excess A’X*(v' = 1) OH
radicals that are in the one rotational level that is directly
exited by laser and that are over the corresponding
equilibrium part of concentration N;. Quantities related to
this third effective level will be described by the index e.

The listed assumptions for the linear LIF regime (with no
saturation) lead to

kB
My = Nxi — By n[Z FjCejAj
j

+Rn 3 FPGPA ST (T

i
+ Vr(1 + R FP CVAR 19(T))]

xfﬁf%sdv, )

where Ny; is the concentration of OH radicals in the particular
rotational level of the ground vibronic state X2II(v" = 0)
from which the excitation occurred. B is the absorption

coefficient of the particular excitation transition, c is the speed
of light and « is the overlap term of the absorption and laser
line [19], Ej is the mean energy of laser pulses during the
measurement of the fluorescence. 7 is the life-time of the
relevant vibronic state, R is the RET rate constant of the
depopulation of the effective level e and V is the
ATt =1) — AXXH( = 0) VET rate constant. When
the RET rate is very fast, equation (2) transforms to

KB
Mr =P = By n[z FCPAD 0 @)

ij
Q
+Vn E;o)qo)Ai;o)fi(o) ()] fj;fﬂ sdV. (3)

In this work, we present the results calculated by equation (2).
Approximation used in equation (3) changes the obtained OH
concentration value by only 1%-2%, provided that laser
excitation to the level with the highest population in a
rotational equilibrium is performed. Some aspects of
quantities introduced in equation (2) are discussed below.

3.22. Deexcitation rates. At atmospheric pressure,
collisional processes including quenching, VET and RET
play a crucial role. Naturally, these processes must be taken
into account in the calculation of the life-times and
distribution of excited rotational and vibrational levels. The
life-times of the vibronic states can be expressed as a
reciprocal value of the total depopulation rate constant of the
given vibronic states

1

Tp= “4)
0.+ V+A, +R
1
e —— s)
1 O+ V+A
1
H=—0, (6)
Qo + Ay

where Q are the quenching rates and A are the rates of
radiative deexcitation of the relevant states. All the
deexcitation rates involved in equations (4)-(6) can be
calculated as effective sums of all transitions between
particular rotational levels, for example, the total radiation
deexcitation of the upper vibronic state can be expressed as an
effective sum of all radiative transition rates to rotational
levels in all XII vibronic states

Aig = S AL £00 (7 (7
ij

A, =Y A} ®)

J

The assumption of rotational equilibrium leads to
S Dexp(—£)

5,0+ Dep(-2)

©))

where E; and J; are the energy and quantum number of
angular momentum of the ith rotational level. The sum over j
denotes summation over levels with all rotational quantum
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Table 1. Used values of OH LIF parameters.

water vapor humid air

T 460 K 473K

A 841105 s 8.47 - 105 57!
Ao 1.42 - 108 s~ 1.43 - 106 s~ !

01 693-100"em?s™' 1411071 em?®s7!
Qo 72-107"cm’s! 5.1-107" em®s™!
% 5.10"" em®s7! 13,9 - 1071 cm®s7!
7 730 - 10711 1.94 - 10710 s

T 7.54 - 10711 1.06 - 107 s

K 247 -107'g 536 - 107!

numbers and both spin-rotational components [11, 20].
Formally, equation (3) could also be used for a more
general description of the LIF signal when Boltzmann factors
f; are replaced by nonequilibrium concentration factors that
take into account the eventual excess of OH radicals in the
directly excited level and other nonequilibrium phenomena.

The values of the required rate constants were sought in
the literature: values for quenching, VET and RET are
described in works [21-31], [24, 27-30] and [30, 32, 33],
respectively. The used values and selected parameters of our
experimental setup can be found in table 1.

3.2.3. Spectral profiles. In order to determine the spectral
overlap x, the spectral shape of the used absorption lines was
measured and fitted by the Voigt profile. The measured
absorption lines P;(1)-P;(4) were broader in pure water vapor
(FWHM 6.45pm) than in heated laboratory air of 40%
relative humidity (FWHM 3.5 pm). Then, the parameter x
was calculated as

/@':fa(u) I(v) dv, (10)

where a(v) and [ (v) are the spectral profiles of the absorption
line and laser line, respectively. These profiles are normalized
according to f adv = f [ dv = 1. The problem of the spectral
overlap including its sensitivity to saturation effects was
discussed in [19]. In the presented measurements, the energy
of the laser pulses was set to a sufficiently low value, so that
no saturation was observed.

3.2.4. Rotational distribution in the ground vibronic state. In
order to determine the rotational temperature of the OH radicals,
these radicals were excited successively from different rotational
levels and the LIF intensity was measured individually for each
particular excitation. Excitation from levels with J = 1.5-5.5
(i.e. levels with rotational quantum number 1-5, spin-orbit
component 1, i.e. {2 = 1.5) was used for rotational temperature
measurement. At discharge power of 175W rotational
temperature (460 £+ 57) K and (473 + 49) K was measured
in water vapor and air, respectively.

The rotational temperature was used to calculate the ratio
between the concentration of all OH radicals in the ground
vibronic state X2II(v" = 0) and in the one particular

rotational state that was used for excitation during LIF
experiments by means of the formula

22},(2]_,- + l)exp(—g)

(2J; + 1)exp(_f_Ti> (11)

Nx = Nxi/fx; = Nxi

The factor 2 is caused by the A-doubling [11, 34]. In case of
the Q;(3) line, the values of the Boltzmann factor fy; were
0.0663 and 0.0655 for temperatures 460 and 473K,
respectively.

3.2.5. Rayleigh calibration. Since it is difficult to predict the
value of the integral f fv f % s dV that is used in equation (2),
its value was calibrated by means of Rayleigh scattering of the
laser beam in argon gas at atmospheric pressure. The Rayleigh-
scattering signal intensity can be expressed as

M, — d"’ E”cfffﬂsdv
hV,

where do, /dQ) is the differential cross-section for Rayleigh
scattering, N, is the concentration of argon atoms, Ej, is the
mean energy of laser pulses during the collection of the
scattering signal, ; is the frequency of laser radiation and C, is
the quantum efficiency of the ICCD camera for the laser
wavelength. The spatial laser beam profile s is proportional to
the area density of laser energy and it is normalized to one
when integrated in the plane perpendicular to the laser beam
direction, i.e. f s f s dS = 1. Since the detection of LIF and
Rayleigh-scattering signals by ICCD camera enables us to
realize spatially-resolved measurements, the volume integral
f f f Q) s dV that appears in both equations (2) and (12)
denotes integration of the fluorescence signal coming from the
whole region that is observed by the particular pixel of the
ICCD camera. Since all other quantities in equation (12) are
known, the Rayleigh-scattering experiment enables us to
determine the value of this integral.

(12)

3.2.6. Parasitic signals and temporally-resolved measurements.

Unfortunately, the signal measured during LIF experiments does
not contain only the fluorescence of OH radicals, but it further
consists of fluorescence of the dielectric, a part of the scattered
laser radiation that was not eliminated by the filters, spontaneous
discharge radiation and dark camera signal. Moreover, the
artificial discharge ignition occurring when the laser hits the
dielectrics causes an excess discharge radiation, which increases
the background signal. In order to solve these problems, the laser
was synchronized with the discharge and phase-resolved
measurements with the laser wavelength tuned to the center of
the OH absorption line and the laser wavelength detuned from the
line were realized. As discussed in [17], measurements with the
detuned laser enable us to determine the parasitic signals
(fluorescence of the dielectrics, enhanced discharge emission,
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Figure 5. Phase-resolved signals measured in a coplanar DBD
ignited in water vapor with laser wavelength tuned to the center of
the absorption line Q;(3), laser wavelength detuned from the
absorption line and with no laser. Measured at delivered discharge
power of 175 W.

scattered laser) and to subtract them by means of the formula

Ey
My=M,—D — (Mg — D)—, 13)
Ey

where M, and M, are the signals measured with tuned and
detuned laser wavelength, respectively, D is the signal measured
with no laser and Ej; is the energy of laser pulses during the
measurements with detuned laser wavelength. The combination
of equations (2), (11), (12) and (13) enables us to get the maps of
OH concentration.

Temporally-resolved signals measured with laser wave-
length tuned to the center of the Q;(3) line, with detuned laser
wavelength and with no laser are shown in figure 5. The
baseline of the green line measured with the detuned laser can
be attributed to the scattered laser and fluorescence of the
dielectric, while the increase of the green line in discharge
phases with high electric field was caused mainly by laser-
caused enhancement of discharges. Spontaneous discharge
emission was significantly smaller (blue line in the figure 5).
All three measurements were realized with the same set of
filters in front of the ICCD camera. The signal M, obtained
from measurements shown in figure 5 by equation (13) is
shown in figure 6 together with its fit by an expected
behavior, as will be explained in section 4.3. In order to
eliminate any artificial discharge ignition by laser radiation,
the measurements presented in section 4.3 were realized in the
discharge phase when the electric field was small and it was
not possible to ignite the discharge.

Phase-resolved measurements presented in figures 5 and
6 can be presented with spatial resolution. Such graphs are
shown in figures 7 and 8 for coplanar DBD ignited in pure
water vapor and in humid air, respectively. Since signals
shown in these figures were measured via the interference
filters, these figures do not represent the distribution of all

8 T T T T m 6
Discharge
7L LIF OH ——
Model ds
6 T
S No £
> 5 S
S ha
z4 ‘ 43 8
@ =1
5 E
£ 3 3
= 2 g
3
2 S
1
1
0 | | 1 1 1 1 1 0
0 50 100 150 200 250 300 350

Discharge phase [deg]

Figure 6. The OH LIF signal (M) obtained by equation (13) (purple).
The signal is compared with spontaneous discharge radiation (blue,
increased) and a convolution of the spontaneous discharge radiation
with exponential decay (orange). Related OH concentration is shown
on the right axis.

visible / UV discharge emission. Both in water vapor and in
air, the spatial distribution of spontaneous discharge emission
observed with no filter was similar to the spatial LIF
distribution measured with laser wavelength tuned to the
center of the excitation line. Figures 7 and 8 demonstrate the
inhomogeneous distribution of both the discharge radiation
and distribution of radicals and emphasize the need to realize
spatially-resolved measurements. In our case, it was easy to
fulfill this demand thanks to the ICCD camera that was used
for the detection of signals. Further discussion of figures 7
and 8 is presented in section 4.3.

Finally, it was verified that the LIF signal intensity was a
linear function of the laser pulse energy. This confirms that
saturation of the fluorescence process did not occur.
Furthermore, this shows that the OH concentration is not
artificially increased by laser photodissociation of molecules
(e.g. H,O,) in plasma, since OH generation by laser would
lead to a convex shape of the LIF signal dependence on laser
pulse energy. This conclusion is supported by the fact that the
OH signal disappeared immediately when discharge was
switched off, which would not happen if the signal was
caused by photodissociation of stable molecules generated in
plasma (such as H,O,).

3.2.7. TALIF of atomic H radicals. The measurement of
reactive species in the coplanar DBD was supplemented by
the detection of atomic hydrogen radicals by means of TALIF
[35, 36]. In these measurements, the laser beam was focused
to a vicinity of the surface of the dielectric plate and a laser
wavelength of 205 nm was used for the two-photon excitation
of free hydrogen atoms from their ground state 1s *S, /2 to the
state 3d 2D; /2,5,2- Fluorescence radiation with a wavelength
of 656.3 nm (Ha line) was detected. The method of H TALIF
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Figure 7. Spatially- and temporally-resolved measurements of OH
fluorescence and signal measured with laser wavelength detuned
from the OH absorption line realized in a coplanar DBD in water
vapor. The bottom line presents temporally-resolved spontaneous
discharge radiation. The wavy strips represent the position of the
electrodes that are hidden behind the dielectric.

measurements in DBDs ignited at atmospheric pressure was
in detail analyzed in works [37, 38].

4. Results

4.1. OES

First, information related to the composition of reactive spe-
cies in the discharge can be obtained by OES. Whereas N,
emission dominates to the discharge ignited in hot air, the
spectrum emitted from pure water vapor was formed practi-
cally only from OH radiation. No nitrogen impurity or oxygen
radiation was detected. Besides OH radiation, only a very
weak H,, line was observed, as shown in figure 9. This is the
first indication that the production of OH radicals in the
coplanar DBD ignited in water vapor highly exceeds the
production of H atoms. However, emission spectra give only

0 20 40 60 80 100
Time [ps]

Figure 8. Spatially- and temporally-resolved measurements of OH
fluorescence and signal measured with laser wavelength detuned
from the OH absorption line realized in a coplanar DBD in air. The
bottom line presents temporally-resolved spontaneous discharge
radiation. The symbols (4) and (—) denote which electrode is the
instantaneous anode and cathode, respectively.

information about the excited state, and direct proof of the
composition of radicals in the plasma should be given by
means of (TA)LIF, as will be shown in the sections 4.2
and 4.3.

It should be noted that the OH spectrum spreads from
306 nm to wavelengths over 330nm, which shows high
vibrational and rotational excitation of OH radicals in the
A’Y* state. The OH emission spectrum can be fitted in order
to get relative concentrations of individual rovibronic levels
of the OH A’Y* state. These relative concentrations are
shown in the form of the Boltzmann plot, i.e. the logarithm of
relative concentration divided by degeneracy of the corresp-
onding level as a function of level energy, as shown in
figure 10. High rovibronic excitation is shown in this
graph up to the energy 6.5eV (related to the ground rovi-
bronic level of the X2II state), which is the dissociation
energy of the OH radical in the A?Y* state. The plotted
dependencies for all observed vibrational bands strongly
deviate from straight lines, demonstrating that rotational
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Figure 9. Spontaneous emission spectra of the coplanar DBD ignited
in air, air mixed with water vapor and in pure water vapor.
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Figure 10. Boltzmann plot of rovibronic level populations of the
excited OH A" state in the coplanar DBD ignited in pure water
vapor.

populations in the excited OH state are far from thermal
equilibrium. This is the result of OH A?X* generation in
highly rotationally- and vibrationally-excited levels and a
short OH A2X life-time caused by fast collisional quenching
that does not enable us to reach the rotational and vibrational
equilibrium [39, 40].

4.2. TALIF of atomic hydrogen

Since electron dissociation of the water molecule produces
not only highly oxidizing OH radicals but highly reducing
atomic hydrogen radicals, we tried to detect atomic hydrogen
radicals by means of TALIF. Whereas H atoms were easily
detected when the discharge was ignited in air, their con-
centration was well below our detection limit
(10"-10" m~?) in the discharge ignited in water vapor. This
fact can be explained by the fast reaction H + H,O = H, +
OH [41], which in the environment with high excess of H,O
molecules quickly converts H atoms to OH.
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Figure 11. Signal of water droplets. The DBD was ignited in water
vapor at 175 W. Zero on the vertical axis indicates the surface of the
dielectric plate.

4.3. Fluorescence measurement of OH radicals

First, we concentrate on the ICCD signal that was measured
when the interior of the reactor was irradiated by laser with
wavelength that was detuned from the absorption line of OH
radicals. Since the laser was synchronized with the feeding
voltage, it was possible to observe this signal in such a phase
of feeding voltage, when the electric field in the gas was low
and there was actually no discharge. This signal, shown in
figure 11, reaches maximum in the gas phase, not at the
surface of the ceramics as it would occur if this signal was
caused by fluorescence of the ceramics. Since the observed
signal was presented with higher intensity when the discharge
was switched off (and when gas was not heated by the dis-
charge) but it totally disappeared when water vapor was
exchanged by air, it was attributed to laser radiation scattered
on the water droplets (although optical filter transmissivity for
scattered laser radiation was five orders of magnitude lower
than transmissivity for fluorescence signal). The concentra-
tion of water droplets was low in the area close to the planar
electrode, where the gas was heated by both the discharge and
hot ceramic surface. In addition to this vertical inhomo-
geneity, the distribution of droplets reveals a more complex
structure with horizontal periodicity that coincides with the
periodicity of the electrode strips. This demonstrates that the
droplet distribution was influenced by the discharge.

When detuned laser was synchronized to the feeding
voltage phase with high electric field, it caused an increase of
discharge radiation during the time of ICCD measurement
and increased the signal-to-noise ratio for the measurement of
discharge emission. The discharge structure measured in this
way (after subtracting the signal of water droplets) is shown
in figure 12. Unlike the situation in nitrogen or air, in water
vapor the discharge emission reaches its maximum above the
interelectrode area. Here, it creates a bow-like structure with
thickness around 0.3 mm, which is in agreement with pre-
vious coplanar DBD studies [42, 43].
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Figure 12. Spatial structure of the discharge emission. The DBD was
ignited in water vapor at 175 W. Discharge ignition was synchro-
nized with ICCD measurement by a laser shot.
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Figure 13. OH concentration in the coplanar DBD ignited in water
vapor. Power delivered to the discharge was 300 W.

When the laser wavelength was tuned to the center
of the OH absorption line, the OH fluorescence was
observed and used for the calculation of OH concentration
by the procedure described in section 3.2. The obtained
concentration maps for coplanar DBD ignited in water vapor
and in air are shown in figures 13 and 14, respectively. The
OH concentration in water vapor reached more than 5 - 10%°
m ™, which was approximately 10x higher than the OH
concentration measured in the discharge ignited in air at
the same delivered power. The concentration shown in
figures 13 and 14 were measured in the phase 190°-200° of
the supplied voltage (see figure 6), i.e. in the phase with
relatively low OH concentration. The peak OH concentra-
tion at the end of the active discharge phase was approx. 2x
higher than the values shown in figures 13 and 14. The OH
concentration was measured in the range of the delivered
power from 175-350 W, in which a stable discharge could
be generated. Both in air and in water vapor, the OH con-
centration was directly proportional to the delivered power.
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Figure 14. OH concentration in the coplanar DBD ignited in air.
Power delivered to the discharge was 300 W.

This concentration increase was probably caused by an
increase of microdischarge density, which was observed
even by the naked eye when the delivered power was
increased.

As shown in figures 5-8, the OH concentration was not
constant in time, but increased during the active discharge
phase and then decreased quickly. With the assumption that
OH radicals are created mainly during the active discharge
and that their generation rate is directly proportional to the
intensity of spontaneous discharge emission, the temporal
evolution of OH concentration can be modeled as the con-
volution of the temporal evolution of discharge emission
intensity with an exponential concentration decay. The real
decay dependence can be more complex [44], but for the OH
life-time estimation the assumption of exponential decay is
sufficient. As shown in figure 6, the used convolution follows
well the measured OH concentration and can be, therefore,
used for determination of the life-time of OH radicals. In both
water vapor and air, the OH life-time was approxi-
mately 10 ps.

Figures 7, 8, 13 and 14 demonstrate that the spatial
distribution of OH radicals was not homogeneous. Regions
with high OH concentration reproduced the shape of the
visible discharge (see figure 15): in water vapor, the OH-rich
region follows the bow-like structure of the visible discharge
that bridges the interelectrode area. The position of these
bridges was not completely symmetrical, but slightly shifted
to the instantaneous anode. In air, the main maxima were
observed close to the anode edges, and another maximum was
placed at the center of the instantaneous cathode. This loca-
tion of main maxima correlates well with the spatially- and
temporally-resolved measurements realized in a coplanar
DBD ignited in air [43], where the intensity of the second
positive N, system also reached its maximum in the region
close to the anode edge. The described spatial distribution of
OH radicals was not changed markedly by a change of the
delivered power.
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Figure 15. Photo of coplanar DBD (a—in humid air, b—in water vapor, c—in water vapor through the front window).

5. Conclusion

It was shown by means of OES and (TA)LIF that the coplanar
DBD ignited in water vapor at atmospheric pressure generates
plasma with high dominance of OH radicals. Concentration of
other radical species was negligible. It means that this dis-
charge can be used for well-defined surface treatment by one
specific type of reactive radicals. A significant increase of OH
concentration was achieved by the use of pure water vapor as
the working gas: the concentration of OH radicals in the
discharge ignited in water vapor was in the order of 10 m~,
which was an order of magnitude higher than the value
measured in the discharge ignited in air. The OH concentra-
tion was directly proportional to the electric power delivered
to the discharge. As a result, the coplanar DBD ignited in
water vapor at atmospheric pressure presents a promising
plasma source for the specific oxidation of solid surfaces.

The OH concentration was neither constant in time nor
uniform in space. The life-time of OH radicals in both water
vapor and air was approx. 10 us. The spatial OH distribution
was well correlated with the distribution of visible light
emitted by the discharge: in the case of water vapor discharge,
OH radicals were concentrated above the interelectrode space
and electrode edges, in the bow-like-shaped discharge path. In
case of air discharge, OH radicals were located mainly at the
anode edges and cathode center. Finally, the LIF of OH
radicals was used for the measurement of the rotational
temperature inside the active discharge, which reached the
value 200 °C.

Finally, it was demonstrated that fluorescence methods
can be used in surface discharges ignited in water vapor in
spite of complications caused by fast quenching and the
interaction of laser with the solid and liquid surfaces.
Quenching, RET and VET need to be taken into account
during the processing of LIF data. Furthermore, parasitic
signals that can be measured when plasma is irradiated by
laser with wavelength that is detuned from absorption lines of
the presented species should be subtracted.
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Abstract

CrossMark

Two-photon absorption laser-induced fluorescence (TALIF) was utilized for measuring the
concentration of atomic hydrogen in a volume dielectric barrier discharge (DBD) ignited in
mixtures of Ar, H, and O, at atmospheric pressure. The method was calibrated by TALIF of
krypton diluted in argon at atmospheric pressure, proving that three-body collisions had a
negligible effect on quenching of excited krypton atoms. The diagnostic study was

complemented with a 3D numerical model of the gas flow and a zero-dimensional model of the
chemistry in order to better understand the reaction kinetics and identify the key pathways
leading to the production and destruction of atomic hydrogen. It was determined that the density
of atomic hydrogen in Ar—H, mixtures was in the order of 10?' m~> and decreased when oxygen
was added into the gas mixture. Spatially resolved measurements and simulations revealed a
sharply bordered region with low atomic hydrogen concentration when oxygen was added to the
gas mixture. At substoichiometric oxygen/hydrogen ratios, this H-poor region is confined to an
area close to the gas inlet and it is shown that the size of this region is not only influenced by the
chemistry but also by the gas flow patterns. Experimentally, it was observed that a decrease in H,

concentration in the feeding Ar—-H, mixture led to an increase in H production in the DBD.

Supplementary material for this article is available online

Keywords: laser-induced fluorescence, TALIF, atomic hydrogen, H, dielectric barrier discharges

1. Introduction

Atomic hydrogen is one of the most common reactive species
produced in plasma. It plays an important role in plasma
chemistry and numerous plasma applications since it is a
strong reducing and etching agent. Atomic hydrogen is pro-
duced by dissociating common species, such as molecular
hydrogen, water, hydrocarbons and others, by a number of
reaction channels [1, 2]. In hydrogen plasma, these reactions
include dissociation of the hydrogen molecule by electron
impact, the fast ionic reaction Hj + H, — Hj +H and
(dissociative) recombination of hydrogen ions (H, HJ, H")
with electrons or negative ions (H™). The charge recombi-
nation can take place both in the gas phase and on solid

0963-0252,/17/085002+13$33.00

surfaces [3]. Further production mechanisms of hydrogen
atoms include dissociation by metastable species, stepwise
vibrational excitation of molecules leading to dissociation or
dissociative attachment of slow electrons by vibrationally
excited molecules Hy(v) + e — H+ H™. A wide spectrum of
analogical production channels of atomic hydrogen can be
found in discharges ignited in other hydrogen-containing
gases or for example at a vicinity of humid surfaces. The main
sinks for free hydrogen atoms are the (three-body) recombi-
nation in the gas phase and the diffusion to reactor walls with
consequent surface recombination. In reactive gases, hydro-
gen can be preferentially consumed in reactions with other
neutrals, e.g. H+0, = OH+ O, CHy;+H — CH; + H,,
H + H,0 < H, + OH [4].

© 2017 IOP Publishing Ltd
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The concentration of atomic hydrogen is typically mea-
sured by spectroscopic methods. At low pressure, comparison
of relative intensities of atomic and molecular spectral lines
[5], titration [6] or actinometry can be used. In specific cases a
catalytic probe [7] can be used, which is however non-
selective. Absorption measurements are not restricted to low-
pressure discharges but they do not provide spatially resolved
data directly and they require wavelengths in the vacuum UV
range, which make them challenging. The disadvantage of the
resonance-enhanced multiphoton ionization [8] is a compli-
cated quantitative calibration. Consequently, two-photon
absorption laser-induced fluorescence (TALIF) is currently
the most suitable method of measuring atomic hydrogen
concentration in a wide range of discharges [9, 10].

When measuring the density of atomic hydrogen using
TALIF, absorption of intense focused laser light with a
wavelength of 205nm is typically employed. The laser
excites hydrogen atoms via two-photon absorption from the
ground state to the n = 3 state and the subsequent Ho
fluorescence radiation at 656.3 nm is detected [9, 10]. Since
collisional quenching is an important deexcitation mech-
anism, decreasing the quantum efficiency of the fluorescence,
it is necessary to know the quenching rate constants for
excited hydrogen atoms. These quenching rate constants for
H (n = 3) were published in [10, 11]. The TALIF of hydrogen
atoms is usually calibrated by measuring TALIF of krypton at
known pressure. The cross-section ratio for two-photon
excitation of krypton and hydrogen was published in [9, 10]
and the ratio of Einstein coefficients for the fluorescence
emission in [12]. The TALIF method has been further used
for measuring atomic hydrogen concentration in flames [13]
and in low-pressure discharges [14—16], where the problem of
collisional quenching is reduced. In the following text, we
present the first TALIF measurement of atomic hydrogen
concentration in an electric discharge ignited at atmospheric
pressure, specifically a dielectric barrier discharge (DBD)
atomizer.

DBDs have recently been proven [17-20] as a promising
alternative to externally heated quartz tube atomizers (QTA)
which are typically applied for hydride atomization in the
technique of hydride generation (HG) for atomic absorption
spectrometry (AAS) detection [21]. HG-AAS allows one to
determine the elements forming volatile hydrides, e.g. arsenic,
selenium or bismuth at ng/ml concentration levels. Accord-
ing to the present knowledge of hydride atomization pro-
cesses [22], hydrogen atoms play an essential role there. The
atomization mechanism of hydrides in DBD atomizers is a
subject of investigation [23]. Optimum atomization of Bi, Se
and As hydrides [18-20] in a DBD atomizer was reached at
14-17W of DBD power in Ar discharge (60-125 sccm of
Ar). It must be highlighted that ca 15 sccm of H, is always
present in the discharge gas since hydrogen is a side product
of hydride generation. Traces of oxygen originating from gas
impurities and dissolved in solutions of chemicals are present
in the gaseous phase transported to the DBD atomizer. Extra
addition of oxygen to the discharge gas (3-7 ml/min of O,)
was found to result in trapping of analyte hydride on the inner
surface of the DBD instead of its atomization [18, 20]. The

S
Ar+ H, + O,

Figure 1. Scheme of the atomizer.

trapped analyte can be subsequently released and atomized in
Ar-H, discharge as soon as the oxygen flow is switched off.
This preconcentration can improve the detection limit of HG-
DBD-AAS by an order of magnitude down to 0.1 ng/ml as
demonstrated for arsenic [20].

The present work aims to determine the atomic hydrogen
distribution in the DBD atomizer because of the above
mentioned assumed essential role of hydrogen atoms in
hydride atomization. No hydrides were introduced into the
atomizer for the sake of simplicity but mixtures of Ar with H,
and O, in concentrations and flow rates typically used for
hydride atomization and preconcentration in DBD atomizers
[18-20] were employed. Since the DBD was ignited at
atmospheric pressure, the presented work is also relevant for a
much wider range of atmospheric pressure low-temperature
plasma applications.

To interpret the results as well as to identify the key
reaction pathways involving atomic hydrogen, we have
devised a numerical model of the gas flow dynamics as well
as relevant chemical reactions. Since the plasma operates in a
mixture of argon, hydrogen and oxygen, the reaction scheme
was derived from previously published schemes for hydro-
gen/oxygen flames [4] by including electron-impact dis-
sociation channels. Additionally, the model provides insight
into the gas dynamics phenomena in the device.

2. Experimental

2.1. Discharge setup

The hydrogen atoms were detected in a volume dielectric
barrier discharge ignited in the DBD atomizer, which is
shown in figure 1 and described in greater detail in [18]. Itis a
T-shaped vessel with a rectangular-shaped optical arm in
which plasma is sustained (inner dimensions of the plasma
channel 7mm X 3 mm and length of 75 mm). Two copper
electrodes (50 mm long; 12 mm wide; 0.15 mm thick) were
placed on the horizontal outer sides of the optical arm and
they were supplied with sinusoidal voltage with a frequency
of 24 kHz. The electric power delivered to the DBD atomizer
was 25 W. A quartz tube (20 mm long, 2 mm inner diameter,
4 mm outer diameter) was welded to the center of the optical
arm and served as an inlet arm to supply the gas mixture (Ar,
0,, H,) into the optical arm. Argon, hydrogen and oxygen
were used as working gases, krypton diluted in argon (from
1:50-1:400) was used for calibration measurements. In the
presented experiments, the argon flow rate was varied
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Figure 2. Scheme of the experimental setup.

between 40sccm and 220sccm (if not explicitly stated
otherwise the value 147 sccm was used), the hydrogen flow
rate was varied between 5 sccm and 30 sccm and the oxygen
flow rate was varied between 0 sccm and 10 sccm.

2.2. Diagnostics setup

The scheme of the experiment is shown in figure 2. A three-
component laser system consisting of a Q-switched pumping
laser (Quanta-Ray PRO-270-30), a dye laser (Sirah, PRSC-D-
24-EG) and a frequency tripling unit was used to produce
short laser pulses with a wavelength of 205 or 204 nm for the
two-photon excitation of atomic hydrogen or krypton,
respectively. The spectral width and duration of laser pulses
were ca 0.06cm™' and 8ns, respectively. The laser beam
positioned along the axis of the optical arm was focused onto
the center of the optical arm. The fluorescence signal was
recorded by an intensified CCD camera (PI-MAX 1024RB-
25-FG43) with an interference filter. The spatial resolution of
the camera was 0.1 mm in the set of H TALIF experiments. In
order to increase the signal-to-noise ratio, typically 500
accumulations of the signal on the CCD chip were used. The
energy of each pulse was detected by the pyroelectric energy
sensor (Ophir PE9). The energy of laser pulses was varied
between 10 and 300 pJ in the case of TALIF of H. In most of
the measurements it was kept near to the bottom border of this
energy range in order to minimize parasitic effects like
depletion of the ground state, photoionization of the excited
state or stimulated emission from the excited state. For
measurements of Kr TALIF, which were used for calibration
purposes, the laser-pulse energies were by an order of mag-
nitude smaller than in the H TALIF measurements, since
krypton is more sensitive to the listed parasitic effects. The
estimated maximum irradiance in the focal plane of the
focusing lens during the H TALIF experiments was in the
order of 10'2J/m’s.

Laser induced fluorescence (LIF) of OH radicals was
further used for preliminary measurements of gas

temperature. In this experiment, OH radicals were succes-
sively excited from various rotational levels of the ground
vibronic state via the series of at least the first six P;
absorption lines in the wavelength range of 281-286 nm. The
obtained rotational distribution of the ground vibronic state
corresponded to a temperature of 550 K.

3. Description of model

The experimental characterization of the atomizer is com-
plemented by a numerical model. The model consists of two
parts—(i) the gas dynamics part describing the flow pattern of
the Ar/H,/O, mixture in close-to-real 3D geometry as well as
admixing of air from the ambient atmosphere, and (ii) a 0D
chemistry model which describes the reaction kinetics of
active species in the atomizer. Since the gas dynamics model
provides the gas velocity, the residence time in the 0D
chemistry model is converted to position along the axis of the
atomizer.

These two models are practically decoupled—the 0D
chemistry model solves the balance equations for different
species as a function of the residence time in the plasma, ¢,
while the gas dynamics model only provides the residence
time scale so that the residence time ¢ can be converted to
position within the atomizer x. The model is, therefore, not
capable of capturing the effects of cross-streamline diffusion
(differential diffusion). Despite that, the model shows rea-
sonable agreement with the experiment and the cross-
streamline diffusion only plays a role in the region close to the
gas inlet, as discussed in the results section 4.

3.1. Gas dynamics model

The gas dynamics model is, in terms of the underlying phy-
sics, very similar to the gas dynamics models which have
previously been validated on different experimental setups
and published [24, 25]. The model solves the incompressible
Navier-Stokes equation without turbulence (the Reynolds
number for the typical flow rate of 147 sccm is approx. 700)
self-consistently with three diffusion equations (for H,, O,
and ambient air). The Navier—Stokes equations are solved for
the whole mixture, so the density and viscosity in the
momentum Navier—Stokes equation depend on the local gas
composition. The viscosities of individual components (Ar,
H,, O, air) were obtained from [26] and the mixture viscosity
in each point is calculated using Wilke’s mixture rules [27].
The diffusion equations in the gas dynamics model are solved
in the Fick form. The diffusion coefficients were calculated
from binary Chapman—Ensgkog coefficients (refer to chapter
5 in [28]) using mixture rules and therefore, they also depend
on the local gas composition.

The 3D computational geometry of the gas dynamics
model is shown in figure 3 and the equations are constrained
by several boundary conditions, depending on the boundary.
At the gas inlet, the velocity is prescribed to have a parabolic
profile so that it is zero at the walls of the inlet and the
average flow speed is uyg = (Qar + On, + Qo0,) /Sint, With
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ambient atmosphere

1o

Figure 3. The computational geometry for the gas dynamics and mixing model.

Table 1. Electron-impact reactions added to the Gerasimov reaction
scheme [4].

No. Reaction Reference
Re0l e+ Hy — e+ Hy(b’Y) — e + 2H [29]
Re02 e+ 0, —e+ 05 —e+20 [29]

where * = {A32F, C3A,, T, }

Sin being the inlet surface area. Additionally, the mole frac-
tions of each species is prescribed at the gas inlet setting
x;i = Q; /Z? Q;. At the walls of the gas inlet pipe and the
discharge region (purple and orange boundaries in figure 3),
the no-slip boundary condition is imposed, setting the velo-
city at the wall to zero. Finally, in the far-field (blue bound-
aries), the Dirichlet boundary condition for pressure
p = 1 atm is imposed along with a boundary condition for
the mole fractions, setting x,;; = 1 and mole fractions of other
components to zero. The blue regions in figure 3 correspond
to the volume outside of the atomizer, where the working
gases mix with ambient air upon escaping from the atomizer.

3.2. Chemistry model

The chemistry in the Ar/H,/O, atomizer is studied using a
0D model. The reaction scheme is based on work of Ger-
asimov and Shatalov [4] which describes the kinetic mech-
anism of hydrogen/oxygen combustion with special attention
paid to the low gas temperature region, 7 < 1000 K, in which
the DBD atomizer also operates. The complete reaction
scheme used, including the rate coefficients, is available as a
supplementary material to this contribution. Since the gas
temperature in the plasma atomizer is approximately 550 K
(this value was measured by LIF of OH radicals), the rate of
the reaction which normally initializes the combustion
kinetics, H, + O, — 20H is very low [4] and the active
species are preferentially produced by electron-impact dis-
sociation of oxygen and hydrogen. For this reason, the

reaction scheme by Gerasimov was complemented by adding
two averaged electron-impact dissociation channels listed in
table 1. The necessary reaction cross sections were obtained
from the IST-Lisbon database [29] and the reaction rates were
calculated using BOLSIG+ [30]. The electron density n. and
temperature 7, in the chemistry model are held constant
throughout the whole discharge region. Despite this relatively
strong assumption, the model is capable to capture the reac-
tion kinetics in the DBD atomizer and provide insight into the
key reaction pathways. It should also be mentioned that the
plasma is in fact filamentary but since the gas travels only the
distance of 50 m during one voltage cycle, it is reasonable to
describe the plasma as quasi-homogeneous with n. and T
being the ‘effective’ electron density and temperature.

At electron temperatures around 1-2eV, typical for
comparable plasma sources [31], molecular hydrogen is dis-
sociated primarily via excitation of molecular hydrogen to the
b3Y state with the energy of 8.9 eV [32] (denoted ReO1 fur-
ther on). Other dissociation channels, such as ionization of H,
and subsequent dissociative recombination (15.4 eV) or dis-
sociative excitation e + Hy — e + H+ H(n > 1) (15¢eV)
were not included because the BOLSIG+ calculation showed
that their rates are at least two orders of magnitude lower that
the rate of Re0l. The same applies to metastable-induced
dissociation, because the rate of argon metastable production
gets comparable to ReOl only at the electron temperature
of 4eV.

As concerns dissociation of molecular oxygen, again
only the most prominent dissociation channels were con-
sidered (Re02), with intermediate excited species with the
energy around 6eV. The cumulative cross section for the
electron-impact ionization of oxygen is also available in [29].

The particle balance in the chemistry model is solved
with respect to ~—the residence time in plasma. The residence
time is then converted to the distance traveled by integrating
the gas velocity from the gas dynamics model along a part-
icular streamline. This allows to obtain one-dimensional
profiles of the species’ number densities along the axis of the
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atomizer, at the assumption that cross-streamline diffusion is
neglected. The initial value of all active species’ number
densities (i.e. except for Ar, H, and O, that are determined
from the equation of state) are set to 10° m~3, which is
effectively zero.

As concerns the numerics and implementation, both the
gas dynamics and the chemistry model are implemented in
COMSOL Multiphysics simulation platform. The gas
dynamics equations are discretized using the Finite element
method on a tetrahedral grid with 50000 elements and solved
using the PARDISO direct solver available in COMSOL. The
transient chemistry model is solved using the Generalized-
alpha integration. The details of the discretization procedure
and the numerical solvers can be found in the documentation
to COMSOL Multiphysics 5.0 and references therein [33].

4. Experimental results

4.1. Collisional quenching of excited krypton

For the calculation of the concentration of atomic hydrogen, it
is necessary to know the lifetime of excited species. Due to
short lifetimes, it was not possible to measure these values
directly. Therefore, the lifetimes of hydrogen and krypton
atoms in excited states were calculated using quenching rate
coefficients [10], which can only be used in the case when
binary collisions play a key role in the quenching of excited
states and the triple collisions and collisions of higher orders
can be neglected. In order to minimize any systematic error of
the calibration procedure, the krypton calibration was per-
formed directly in the atomizer investigated without any
vacuum chamber being used. However, this method required
calibration measurement at the atmospheric pressure. Conse-
quently, the role of quenching by triple collisions had to be
determined.

The role of higher order collisions on quenching of
excited krypton states can be examined by means of the fact
that the fluorescence signal (S) is proportional to the partial
pressure of the fluorescent gas (p) and the lifetime of excited
states (7)

Socp-T. (D
The lifetime can be expressed

11
—=—tkq-ptko p*+.. )

T Tr

where 7; is the natural radiative lifetime, k4 and kg are
quenching coefficients characterizing the binary and triple

collisions, respectively [34, 35]. It follows from the
equations (1) and (2)
1
P bkg-pthe-p?—+.. 3)
S T

Consequently, the role of triple (and eventual higher order)
collisions can be determined from the polynomial dependence
(3) if the fluorescence signal is measured for various gas
pressures at constant gas composition.
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Figure 4. Dependence of the Lorentz width of the two-photon
absorption krypton line profile on pressure of the Ar:Kr mixture.

Such measurements were realized inside a vacuum silica
tube, which was pumped by a rotary pump. A mixture of
argon and krypton with the constant ratio 30:1 was supplied
to the silica tube and its pressure was varied in the range
10°~10° Pa. The TALIF of krypton was measured in the gas
without any discharge ignition. First, the spectral profile of
the krypton absorption line was measured for various pres-
sures and fitted by the Voigt profile. During the fit calculation,
the Doppler broadening coefficient was assumed to be iden-
tical for all pressures since all these experiments were realized
at room temperature, whereas the Lorentz broadening coef-
ficient v was expected to depend on the gas pressure. Figure 4
shows a linear dependence of the Lorentz broadening coef-
ficient on the pressure. The ratio of gas pressure and spec-
trally integrated TALIF intensity (p/S) also linearly depended
on pressure indicating that quenching of excited krypton
atoms by triple collisions plays a negligible role.

To confirm this finding, the following experiment was
performed. After evacuating the silica tube, the pumping was
stopped and the tube was continuously filled with the Ar:Kr
mixture up to the atmospheric pressure. During the pressure
increase, the TALIF of krypton was measured with laser
wavelength tuned to the center of the absorption line. The
measured fluorescence signal was than multiplied by the
pressure-dependent ratio between the spectrally integrated
TALIF signal intensity and the TALIF signal in the line
center. This ratio was known from the fit of Voigt profiles
described in the paragraph above. Since the described mea-
surement procedure was fast, it enabled to obtain a high
number of measured data and minimize the measurement time
in order to suppress effects of eventual laser instability.
Figure 5 depicts three examples of the obtained E?p/S
polynomials. In order to correct the temporal variations of
laser pulse energy, the signal S was divided by the square of
laser pulse energy (E). All the measurements again show
satisfactory linear dependence and confirm the key role of
binary collisions and negligible role of collisions of higher
orders on quenching of exited krypton atoms in krypton
mixtures with a dominance of argon even at atmospheric
pressure.
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Figure 5. E2 p/S ratio as a function of the pressure of the Ar:Kr
mixture. Various slopes of these dependencies were caused by
various experimental settings (e.g. the shape of the laser profile) for
the three shown measurements.

4.2. Parameters of hydrogen fluorescence

Before the signal measured by the ICCD camera was used for
calculation of atomic hydrogen concentration, several proce-
dures were implemented in order to check and minimize
parasitic effects on the measurement. First, the signal with
laser switched off was measured and subtracted from the
measured data in order to subtract the dark signal of camera,
spontaneous plasma radiation and potential ambient light. It
was verified that the dark signal measured with laser switched
off was identical to the signal measured with laser switched
on but with laser wavelength detuned from the absorption line
of hydrogen atoms. This test was necessary to prove that there
is no additional signal originating from fluorescence of silica
walls and that there is no significant influence of the discharge
by the laser radiation [36, 37]. In order to completely exclude
the risk of discharge ignition by laser radiation, the laser and
ICCD camera were synchronized with the discharge and in
most of measurements, the laser shots were set to such a part
of the period of the supplied voltage when the electric field
was small and it was not possible to ignite the discharge
artificially by the laser radiation, as described in [36].
Figure 6 shows the dependence of TALIF intensity on
the square of energy of laser pulses. The straight line
demonstrates that there was no saturation of the fluorescence
process. When the discharge was switched off, the TALIF
signal disappeared, which demonstrates that there is no sig-
nificant photodissociation of hydrogen molecules by laser
radiation and confirms that there is no significant parasitic
fluorescence of atomizer walls. An example of the spectral
profile of the absorption line of atomic hydrogen is shown in
figure 7. In most of measurements, the fluorescence was
measured only with laser wavelength tuned to the center of
the absorption line and the complete (spectrally integrated)
fluorescence intensity was determined by means of the known
fit of the Voigt profile to the measured profile of the
absorption line. Since the lifetime of excited hydrogen atoms
was too small and it was not possible to measure it directly,

©
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Figure 6. Dependence of atomic hydrogen fluorescence signal on
square of energy of laser pulses.
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Figure 7. Spectral profile of two-photon absorption line of atomic
hydrogen.

the quenching rate of excited atomic hydrogen was calculated
by means of quenching rate constants published in [10]. Since
the TALIF method used was calibrated by measuring TALIF
of krypton, the following formula was used for calculation of
atomic hydrogen concentration:

2 2 74
NH = NKr S_H(EKr) (VH ) UYIZ A[(,- Tkr Tkr CKr , (4)
Kr EH VKr oy AH TH TH CH

where N denotes concentration, S measured TALIF signal that
was spectrally integrated over the whole absorption line
profile, v laser radiation frequency, E energy of laser pulses,
o™ cross section for two-photon absorption, A Einstein
coefficient of spontaneous radiation, 7 lifetime of excited
states, T transmission of an interference filter and C sensitivity
of the ICCD camera. The indexes H and Kr differentiate if the
quantity is related to atomic hydrogen or krypton, respec-
tively. The ratio a?} / JZ* = 0.62 was taken from [10], the
ratio Ak, /Ay = 0.614 from [12]. The photoionisation rate of
excited hydrogen atoms and depletion rate of the ground state
of hydrogen atoms estimated by means of cross sections
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Figure 8. Atomic hydrogen concentration as a function of gas
composition in a mixture of Ar (147 sccm) and H, (10-60 sccm).

published in [38] were significantly smaller than other
depopulation mechanisms of the excited state and than the
repopulation of the ground state, respectively, which supports
the use of the equation (4).

4.3. Hydrogen atom concentration in Ar-Ho (— O,) mixtures

In the first set of measurements, the discharge in the Ar-H,
mixture was studied. The discharge event occurs several times
within the period of the supplied voltage (42 us), in our dis-
charge setting and delivered power we observed three dis-
charge events in each half of the period by time-resolved
discharge imaging. Each discharge event represents a source
of radical species that is followed by a slow loss of radicals,
which could lead to temporal variations of atomic hydrogen
concentration. Therefore, the detection system was synchro-
nized with the discharge power supply and temporal evol-
ution of atomic hydrogen concentration during a period of
supplied voltage was measured. It was observed that the
atomic hydrogen concentration was within few percents
stable during the whole voltage period. This is in an agree-
ment with the lifetime (ca 2 ms) of hydrogen atoms in the
Ar-H, mixture calculated by means of the model presented in
section 3. In the following experiments, the TALIF mea-
surements were realized in such a part of the period of the
supplied voltage, when the electric field was small and it was
not possible to ignite a discharge event artificially by the laser
pulse [36].

The dependence of atomic hydrogen concentration on the
flow rates of argon and hydrogen was studied. As discussed
later, in these gas mixtures with no oxygen, the atomic
hydrogen radicals were distributed almost uniformly along
the axis of the optical arm. Providing the constant ratio of
hydrogen and argon flow rates, no influence of the total gas
flow rate in the range between 100 sccm and 250 sccm on
atomic hydrogen concentration was observed. However, the
concentration of hydrogen atoms varied with the composition
of the gas, i.e. with the ratio of hydrogen and argon flow rates,
as illustrated in figure 8. The concentration of atomic
hydrogen decreased by tens of percents with increasing
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Figure 9. Spatial dependence of atomic hydrogen concentration
[m 3] for various oxygen flow rates. Flow rate of hydrogen was
10.3 sccm, flow rate of argon was 147 sccm.
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Figure 10. Spatial dependence of atomic hydrogen concentration
[m ] for various oxygen flow rates. Flow rate of hydrogen was
22 sccm, flow rate of argon was 147 sccm.

hydrogen concentration from 10% to 30%. The same trend
was found when quenching rate constants from [11]
(including extreme values from their confidence intervals)
were used in evaluation of measured data instead of rate
constants presented in [10]. Consequently, the decrease can-
not be attributed to an uncertainty in calculated quenching
rates and lifetimes of the excited hydrogen state.

The presented value of atomic hydrogen concentration of
3-10%' m~? in the volume DBD can be compared with that
in a surface coplanar DBD measured in parallel by the same
method, which was found to be higher by an order of mag-
nitude [39], probably as a result of discharge confinement to
the thin surface layer.

The spatial distribution of atomic hydrogen concentration
is illustrated in figures 9 and 10. Distribution measured with
Ar/H, mixture with no addition of oxygen are depicted at the
bottom row of these figures. With the exception of the very
center of the optical arm of the DBD atomizer, the con-
centration of hydrogen atoms is basically homogeneous. On
the right side of the optical arm, the laser was no longer
focused sufficiently, which resulted in a worse signal-to-noise
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Figure 11. Spatial dependence of atomic hydrogen concentration
[m~3] as a function of argon flow rate. Constant flow rate of
hydrogen and oxygen was 22 and 5.7 sccm, respectively.

ratio at positions above 15 mm in figure 9 and 10 and also in
figure 11 below. Therefore, a measurement with laser focused
to the area at the electrode edge (25 mm from the atomizer
center) was performed and it was verified that the atomic
hydrogen concentration is homogeneous through the whole
discharge up to the electrode edge. It should be pointed out
that in the very center of the optical arm, at the gas inlet, there
is a very narrow region with a low H atom concentration
(figures 9 and 10), which is probably caused by a small air
impurity. In order to exclude any effect of this narrow region
on results presented in figure 8, the concentration values
shown in this figure were calculated from intensity of
hydrogen TALIF that was produced in the region between
—17 mm and —2 mm.

When oxygen is added to the Ar—H, mixture, the che-
mical composition of the gas is no more uniform, as discussed
bellow. Hydrogen and oxygen is consumed and water vapor
is produced. Since water molecule is an effective quencher,
the lifetime of excited H atoms is spatially-dependent and
should be calculated for each position in the discharge
according to

1 1

iy + gahar + qpu, + 4o,n0, + dpetmo,  (5)
where 7 is the radiative lifetime, g,,, dn,» 9o, and dy,o are
the quenching rate constants and na,, ny,, no, and ny,o are
the local concentrations of Ar, H,, O, and H,O, respectively.
The local concentrations for each input composition of the gas
were taken from the simulation.

The effect of oxygen on the spatial distribution of atomic
hydrogen concentration for two different hydrogen flow rates
is demonstrated in figures 9 and 10. The addition of small
flow rates of oxygen, up to around 20% of the hydrogen flow
rate, only slightly reduces the H atom concentration in the
very narrow region at the center of the optical arm. When
increasing the oxygen inlet, the H atom deficient central
region is gradually extended to cover the whole observed
region from position —25mm to position 25 mm for an

oxygen flow rate close to half of the hydrogen flow rate, i.e.
the stoichiometric ratio with respect to water. A further
increase in the oxygen flow rate then does not change the
situation visibly.

Figure 11 illustrates how the flow rate of argon influences
the sharply bordered region with low atomic hydrogen con-
centration in the discharge center. Hydrogen and oxygen flow
rates were kept constant whereas the argon flow rate was
varied. The observed narrowing of the low-H-concentration
region with the addition of argon is discussed in section 6. (In
this figure, the lifetime of excited H atoms was calculated
only from the chemical composition of the gas at the input.
The simulation cannot follow the asymmetric shape of the
H-poor region that was observed at low gas flow rates and
that could be caused by an asymmetric gas flow through the
atomizer. Therefore, the simulated gas composition cannot be
used for the calculation of the H" lifetime in this measure-
ment. As a result, the H concentration in the H-rich region is
underestimated by approx. 30%.)

Finally, the uncertainty of the obtained concentration
values was estimated. The experimental standard deviation of
data obtained in one experiment was only a few percent,
which indicates the high reliability of measured trends. The
uncertainty of the absolute values of the atomic hydrogen
concentration is significantly higher. The experimental stan-
dard deviation of concentration values measured on different
days and calibrated by different measurements of krypton
TALIF was ca 20%. Moreover, there are differences between
the data in the literature used in the evaluation of the atomic
hydrogen concentration. For example, the ratio of two-photon
excitation cross sections for krypton and hydrogen (o /o)
differs by ca 10% in [10] and [9] and the quenching rate
coefficients differ by ca 2% to 20% in [10] and [11]. All these
factors together lead to the uncertainty of absolute atomic
hydrogen concentration below 40%.

5. Results of the model

The gas dynamics model reveals that a laminar vortex is
formed close to the gas inlet, where the gas enters the dis-
charge region (see figure 12(a)). This vortex is formed due to
the rapid change in the inertia of the gas flow hitting the wall
opposite to the orifice. However, from approx. |x| > 8§ mm,
the flow stabilizes and forms a nearly ideal Poiseuille flow. As
concerns the gas mixing, figure 12(b) confirms that the
amount of air that gets mixed into the atomizer from ambient
atmosphere is negligible as its mole fraction reaches values
comparable to the air impurity in argon gas (100 ppm) only at
the very edges, |x| > 30 mm, of the atomizer.

To comprehend the spatial profiles of atomic hydrogen
that were observed in the TALIF measurements, i.e. the fact
that atomic hydrogen onset changes with the amount of
oxygen added, the gas dynamics model has to be used toge-
ther with the chemistry model. In all cases, the effective
electron density and temperature in the chemistry model were
assumed to take the values of n.= 10 m~3 and
T. = 1.2 eV. These values are reasonable for a mostly argon
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Figure 13. Number densities of the key active species (a) and ground-state species (b) for Qy, = 10.3 sccm, Qp, = 3 sccm

and Qa, = 147 sccm.

DBD operating at the atmospheric pressure [31, 40] and they
were chosen so that the maximum number densities of H
reach values consistent with the measurements (approx.
3 - 102! m~3). Furthermore, the electron density and temper-
ature in the chemistry simulation were ramped up across the
time span of 5ms to achieve better computational stability
and also to account for the fact that even in the experiment,
the plasma onset is never an ideal step function. The necessity
of the 5 ms ramp function in the plasma parameters follows
from the model approximation of spatially and temporally
uniform electron density and temperature. The actual plasma,
however, consists of transient filaments which uniformly fill
the discharge chamber volume. The approximation of spa-
tially uniform ‘effective’ plasma parameters, therefore, makes
sense only after the gas flow intersected a sufficient number of

filaments but does not hold close to the gas inlet. The length
of the ramp function, 5 ms, was found empirically and cor-
responds approx. to 160 discharge periods.

Figure 13 shows the number densities of the atomic
hydrogen, atomic oxygen, hydroxyl radical, hydroperoxyl and
hydrogen peroxide as a function of the residence time in the
discharge. It is observed that atomic oxygen appears slightly
earlier than atomic hydrogen because less energy is required
for its dissociation (6.0eV versus 8.9 eV). The presence of
oxygen hinders the production of atomic hydrogen because as
long as either molecular or atomic oxygen is present, atomic
hydrogen is lost in a series of fast reactions, most importantly
to HO, via the reaction H + O, + M — HO, + M (RG32-
RG35 of the supplement). The second most important H loss
process involving oxygen is three-body formation of the
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Figure 14. Rates of the most important reactions leading to atomic
hydrogen loss calculated for gas composition identical with

figure 13. The rate coefficients of three-body reactions depend
slightly on the third body (Ar, H, or O,), so we plot reactions
involving argon, the most important third body.

hydroxyl radical O + H+ M — OH + M (RG21-RG23).
However, once most of the oxygen is converted to water and
the number density of atomic hydrogen exceeds the value of
approx. 102! m~3, the three-body re-association of atomic
hydrogen becomes the most important loss channel which
counterbalances the electron-impact dissociation and results
in the flat hydrogen density profile that was also observed in
the experiment. The rates of the four most important reactions
leading to the loss of atomic hydrogen are plotted in figure 14.
It should be added that in the absence of oxygen, the flat
maximum of the hydrogen number density appears almost
immediately and the rise time is given only by the 5 ms ramp
function in the electron density and temperature.

In the region where atomic oxygen dominates over
atomic hydrogen, the hydroperoxyl radical HO, produced by
reactions (RG32-RG35) is an intermediate species which is
quickly converted to OH upon colliding with either O or H or
to hydrogen peroxide in the reaction
HO, + HO,; — H,0, + O,. Hydrogen peroxide itself is
very stable but as the concentration of atomic hydrogen
becomes higher, H,O, is converted to water and hydroxyl
radical by the reaction H,O, + H — H,0 + OH (RG52).
The hydroxyl radical also eventually forms water due to the
lack of oxygen, e.g. via the three-body reaction
OH + H + M — H,0 + M (RG28-RG31) which would be
only of minor importance in oxygen-rich environments.

To validate the chemistry model, the number densities of
hydrogen along the discharge region were compared to the
TALIF measurements presented above. Figure 15 shows
results of simulations which were run for the same gas
compositions that were used in figures 9 and 10, i.e. either
10.3 or 22 sccm of hydrogen with varying oxygen flow rate.
The residence time, the independent variable in the 0D model,
was converted to the x-coordinate by integrating the velocity
along a selected streamline from the gas inlet to the edge of
the atomizer.

When a small amount of oxygen is added to the gas
mixture, hydrogen atoms at the inlet of gases are rapidly
consumed by reactions with oxygen mainly to HO,, OH and
H,O as detailed in figures 13 and 14. With increasing oxygen
input the H atom deficient section in the center extends—
atomic hydrogen appears only after all oxygen has formed
stable products (mostly water) and does not further interact
with the atomic hydrogen. In other words, all the molecular
oxygen was converted to water outside the H atom deficient
section. With increasing oxygen flow rate, the onset of H
moves towards the edges of the atomizer and the number
density of H drops by an order of magnitude once the H,/O,
approaches the stoichiometric ratio (the oxygen flow rate
reaches half of hydrogen flow rate). Further increase of
oxygen flow rate leads to an excess of oxygen in any position
in the atomizer. Consequently, at this moment the region with
small atomic hydrogen concentration spreads over the whole
discharge volume. It should be mentioned that, for a given
oxygen input below the stoichiometric ratio, the H con-
centration in the optical arm sections outside the H atom
deficient section is constant along the optical arm position.

The simulated data (figure 15) showing a gradual shift of
the onset position of atomic hydrogen with increasing oxygen
flow rates, provide a reasonably good agreement with the
experiments shown in figures 9 and 10 with the exception of
the more ‘funnel-like’ shape observed for lower O, flow rates,
especially in experiments realized with a high H, flow rate.
This is, most likely, a consequence of the approximations that
had to be taken when using the 0D model, see the discussion
below.

6. Discussion

The observed decrease in atomic hydrogen concentration with
increasing hydrogen concentration in the Ar+ H, mixture
(figure 8) can be explained by discharge changes induced by
the change in gas composition. The addition of molecular
hydrogen is expected to create a sink of electron energy that is
transmitted for example to vibrational excitation of hydrogen
molecules, to cause quenching of argon metastables and to
attach free electrons to negative hydrogen ions [41]. The
combination of these effects can lead to a decrease in the
dissociation rate and a decrease in the atomic hydrogen
concentration. This observation is in agreement with analo-
gous observations realized in the atmospheric pressure plasma
jets that were reviewed in [42]. The addition of O, to the
He—O, mixture led to a decrease in the atomic oxygen con-
centration for the O, amount above 0.6% and the addition of
N, to the He-N, mixture led to a decrease in the atomic
nitrogen concentration for the N, amount above 0.25%.
This conclusion is confirmed by narrowing of the H-poor
region with the addition of argon to the Ar+ H, 4+ O, mix-
ture, which is shown in figure 11. The dilution of H, and O,
by Ar should promote the expansion of the H-poor region,
since the dilution of reactive gases leads to a drop in reaction
rates and a consequent increase in the time needed for the
consumption of reactive oxygen species. In addition, the
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Figure 15. Number density of atomic hydrogen as obtained from the numerical model. These figures can be compared to figures 9 and 10,
where analogical experimental data are shown. The values of electron density and temperature were set to n, = 10" m=3, T, = 1.2 eV.

increase in the gas velocity caused by the increase in the Ar
flow rate should promote the expansion of the H-poor region
as well, since the gas mixture can reach more distant regions
during the time needed for oxygen consumption. However,
the opposite narrowing trend was observed, which supports
the hypothesis that an increase in the argon percentage in the
gas mixture increases the efficiency of the discharge leading
to an increase in the dissociation rate induced by fast electrons
and metastables and a consequent increase in the rate of
chemical reactions.

The fact that the concentration of atomic hydrogen
decreases with the increased fraction of molecular hydrogen
in Ar gas (figure 8) is in accord with the observation that
signal in DBD-HG-AAS in pure hydrogen as discharge gas is
ca 50% lower compared to Ar discharge with ca 15% H,
content (side product of hydride generation) [18-20].
Assuming a temperature of 550 K in the plasma, the highest
atomic hydrogen concentration (between 6% and 12%
hydrogen in the gas, see figure 8) leads to the dissociation
degree of hydrogen molecule of 0.002-0.004.

Similar to the experiment, the simplified chemistry
simulation predicts a section of low H atom concentration in
the atomizer optical arm center (see figure 15). The size of
this H-poor region increases gradually with the amount of
oxygen in the simulation while it follows a distinct funnel
shape in the experiment (figures 9 and 10). The likely
explanation lies in the gas recirculation pattern formed close
to the gas inlet (see figure 12(a)). Since atomic hydrogen is
quickly scavenged by oxygen, it can appear in high con-
centrations only after all oxygen has been converted to H,O.
Consequently, if the admixture of O, is low enough and a
high concentration of atomic hydrogen is reached anywhere
between |[x| =0 and |x| < 9mm, it can be advectively
transported back towards the gas inlet by the recirculating
flow. The model cannot account for this effect due to the fact
that it neglects cross-streamline diffusion (as discussed in
section 3). When the O, admixture exceeds a certain value,
atomic hydrogen is formed too far downstream (further than

the size of the recirculation pattern, approx. |x| > 9 mm), it
cannot be transported back by the flow and the model and
experiment shows similar sizes of the H-poor region. This
explanation is consistent with the fact that the slope of the
‘funnel’ in figures 9 and 10 changes close to |x| = 9 mm.

The mechanism of hydride trapping in oxygen-rich (with
respect to hydrogen) atmosphere described in the Introduction
in section 1 and discussed in detail in references [21, 22] can
be explained by the TALIF measurements under given con-
ditions (figures 9 and 10) in which a clear zone free of
hydrogen atoms appears in the central part of the DBD ato-
mizer. The width of this zone depends on oxygen amount
added reaching a width from few millimeters to 40 mm for
oxygen flow rates of 3—7 sccm. Analyte hydride is supposed
to be trapped exactly in this zone in the absence of free H
atoms since atomization of analyte would occur outside this
zone in the presence of H atoms. As soon as the flow of
oxygen is switched off, the hydrogen atoms fill again the
whole volume of the DBD atomizer homogeneously as dis-
cussed above and depicted in the bottom rows in figures 9 and
10. Preconcentrated analyte is released and atomized under
these conditions as proven in previous works [18, 20].

7. Conclusion

TALIF measurement and simulation of atomic hydrogen
concentration were performed in a dielectric barrier discharge
ignited at atmospheric pressure in a mixture of argon,
hydrogen and oxygen. Since TALIF of krypton was used for
the calibration of the fluorescence method, quenching of
excited krypton atoms at atmospheric pressure was studied,
which is an important parameter for quantitative treatment of
measured data. It was shown that triple (and higher order)
collisional processes do not play a significant role in Kr*
quenching in an argon environment. This finding is important
for the realization of TALIF calibration in Ar+ Kr flow at
atmospheric pressure. This simple calibration method does
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not require implementation of any vacuum vessel and,
therefore, eliminates the risk of a systematic error caused by
changes in the optical path of laser.

The concentration of atomic hydrogen was in the order of
10*! m— in the Ar-H, mixture, and the maximum dissocia-
tion degree of hydrogen was ca 0.3%. The highest production
of free hydrogen atoms was observed in the Ar—H, mixtures
with a relatively low amount of hydrogen indicating that the
addition of hydrogen decreases the dissociation ability of the
DBD. When oxygen was added to the gas mixture, the atomic
hydrogen concentration decreased rapidly, primarily due to
the reaction O, +H + Ar — HO, + Ar. When only a sub-
stoichiometric amount of oxygen was added to the gas mix-
ture, oxygen was consumed during typically tens of
milliseconds by chemical reactions. At the point where oxy-
gen was consumed, the atomic hydrogen concentration
increased quickly. As a result, a sharply bordered region with
low atomic hydrogen concentration was created at the inlet of
gases. The width of this region was an increasing function of
oxygen supply until the stoichiometric ratio of H,:0, = 2: 1
was reached and the region spread to the whole discharge
volume. At low oxygen supply the width of the region with
low atomic hydrogen concentration was noticeably affected
by a vortex flow that was formed at the inlet of the gases.

Both the TALIF measurements of atomic hydrogen as
well as theoretical simulations of gas flows and chemical
reactions in the gaseous phase performed in this work have
been proven to be a valuable tool to gain insights into ato-
mization of elements forming volatile hydrides in DBD ato-
mizers. The results obtained in this work may consequently
lead to further improvements in HG-DBD-AAS applications
to analytical chemistry issues. Good correlation between the
results of HG-DBD-AAS optimization studies on the one
hand and TALIF measurements and computational simula-
tions on the other have been reached.
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Abstract

A spatially resolved two-dimensional quantitative measurement of OH concentration in an
effluent of a radio-frequency-driven atmospheric pressure plasma jet ignited in argon is
presented. The measurement is supported by a gas dynamics model which gives detailed
information about the spatially resolved gas composition and temperature. The volume in
which the OH radicals were found and partially also the total amount of OH radicals increase
with the argon flow rate, up to a value for which the flow becomes turbulent. In the turbulent
regime, both the emission from the jet and the OH concentration are confined to a smaller
volume. The maximum concentration of about 5.4 x 102! m~3 is reached at the tip of the
visible discharge at the flow rate of 0.6 slm and high driving powers. An increase in hydroxyl
concentration due to admixing of humid ambient air to the argon flow was observed.

Keywords: planar laser induced fluorescence, hydroxyl radical, OH, spatially resolved,
atmospheric pressure, radio-frequency plasma jet, gas dynamics simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure discharges are the focus of intense
scientific research, largely owing to their great potential for
real-life applications. The presence of reactive radicals is one
of the key components to the compound effect of the plasma.
However, their concentration under various conditions of the
discharges in the open atmosphere is rather difficult to obtain.
Laser-induced fluorescence (LIF) is one of the few methods
capable of such measurements, with the advantage of being
suitable to obtain two-dimensional images with very good
spatial resolution.

The works focusing on LIF of OH are numerous. It
is a well-established method for visualizing various aspects
of a combustion process, e.g. [1-4] and many others. In
an optically thick environment, a combination of LIF and
absorption measurement can be used to obtain quantitative

0963-0252/14/025011+12$33.00

results [5,6]. However, atmospheric pressure plasmas are
often optically thin and reasonable absorption measurement
is possible only upon multiple passing of the laser through the
discharge, as in the cavity ring-down spectroscopy method.

Several works have used a planar LIF setup to display
spatially resolved fluorescence in a discharge but have used a
single photomultiplier for calibrated measurement to increase
the signal-to-noise (S/N) ratio [7, 8]. Extending the usual LIF
scheme to higher energies of exciting laser pulses, i.e. the
region of weak saturation as in [9, 10], allows us to increase
the S/N ratio while preserving the advantages of a planar LIF
setup.

The measurements are supported by a gas dynamics
model. There have been several works dealing with this
problem for thermal argon plasma jets [11-13]. Although
some of the models are in principle quite similar to the
model presented in this work, the related simulations focus

© 2014 I0P Publishing Ltd  Printed in the UK
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only on thermal plasma jets characteristed by temperature
and velocity very different from our discharge. Moreover, 1

the model presented in this work uses a somewhat different,
and presumably more accurate, method of calculating the
thermodynamic properties of the mixture. The model is
validated against the experiment and provides a tool for
predicting the gas composition in the jet when only the flow
rate and inlet temperature are known. Apart from argon
jet simulations, there have been several works focusing on
numerical simulations of helium jets emerging into ambient
air [14-16].

In this paper, we present an application of the procedure
introduced in our previous publication [10] to spatially
resolved two-dimensional images of the fluorescence in order
to obtain a cross-section of the OH concentration in the effluent
of the plasma pencil.

2. Experimental setup

2.1. Plasma pencil

The plasma pencil is a monoelectrode RF plasma jet ignited in
argon flowing through a silica capillary [17, 18]. The electrode
is placed at the outer surface of the silica capillary and is driven
by RF voltage with frequency 13.56 MHz. The argon flows
through the capillary (with the inner diameter of 2mm) to
ambient air. The discharge is ignited in a region with relatively
pure argon, both inside the capillary and in the effluent, where
the plasma can be used, e.g., for surface treatment. In the
presented experiments, the argon flow rate was varied between
0.25 and 4slm, and RF power was varied between 65 and
100 W.

Argon was supplied to the plasma pencil through stainless
steel and polyethylene tubing. However, the last part of the
tubing was made from silicone because of its resistance to
high temperatures. Its high permeability for gases can be used
for supplying water vapour to argon. Therefore, 60 cm of the
silicone tube (with 1 mm wall thickness) were immersed into
distilled water. The resulting humidity of argon was measured
by a capacitive aluminum oxide moisture sensor (Panametrics,
MMS 35) with the calibration range from 0.4 ugl=! (frost
point —80 °C). During the experiments, the humidity of argon
flowing to the jet was in the range 120-760 ugl~! (frost
point —38.1 to —19.9 °C), see table 1. The relative humidity
of ambient air was 46% at the temperature of 25 °C, which
corresponds to the absolute humidity 11 mg1~!.

2.2. Optical setup

The scheme of the experiment is shown in figure 1. A
frequency-doubled pulsed Nd : YAG laser (Quanta-Ray PRO-
270-30) was used to pump a dye laser (Sirah PRSC-D-24-
EG). The dye laser radiation was further frequency-doubled
to the wavelength of absorption, around 306.5nm. The
Ri(2), Ri(4) and R;(7) lines® of the A2Z*(v' = 0) <«
X 2I1(v” = 0) transition were used for excitation. Whenever
lower temperatures were expected (low driving power or

3 Hund’s case (b) notation is used in this paper.

Figure 1. Experimental setup: 1—dye laser with frequency
doubling unit, 2—right-angle prism, 3—cylindrical negative lens,
4—spherical positive lens, 5—plasma pencil, 6—laser power meter,
T—ICCD detector, 8—laser beam, 9—Fresnel rhomb (turns
polarization).

high argon flow rates), the R;(5) or R;(6) line was used in
addition to increase the accuracy. The laser power was varied
between 20 and 200 pJ for the gain parameter measurement,
see section 3.1. The manufacturer’s documentation states the
spectral width of the output laser line to be approximately
0.4pm. The output beam polarization is horizontal, which
is disadvantageous for the Rayleigh-scattering measurement
used for calibration (see section 3.5). Therefore, a Fresnel
rhomb was used to turn the laser polarization to vertical. The
laser was expanded to a sheet using a telescope—a horizontally
oriented negative cylindrical lens for vertical expansion, a
spherical positive lens for vertical collimation and horizontal
shrinking and a vertically oriented cylindrical negative lens
for horizontal collimation. The resulting sheet was oriented
vertically, along the axis of the plasma pencil capillary. The
thickness of the sheet was significantly lower than the inner
diameter of the capillary. The height of the sheet is limited
by the mounting of the lenses (25.4 mm). The intensity also
gradually decreases upwards and downwards from the centre.
Spatially and temporally integrated energy of each laser pulse
was measured by a pyroelectric head and logged to a computer
file.

The fluorescence was measured by an ICCD camera (PI-
MAX 1024RB-25-FG43, 16-bit grey-scale resolution) with an
objective lens. The spatial resolution was around 100 um
per pixel. The fluorescence signal was much stronger than
the spontaneous emission. Therefore, no wavelength filter
was used and the spontaneous emission was subtracted as
background. To avoid recording of the scattered laser light,
the acquisition gate was set to start after the end of the laser
pulse.
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Figure 2. An example of fitting equation (1) for RF driving power
of 80 W and argon flow rate of 0.6 slm for a single pixel at the
position x = 0.0 mm, y = 1.7 mm. The fluorescence signal (R;(2)
excitation) is shown after the background subtraction. The laser
energy is shown per the particular pixel row, i.e. after the correction
described in section 3.5. The fitted parameter is

aF = (3720 & 140) counts uJ =1 4.

3. Measurement

3.1. Weak saturation

If the laser power is kept sufficiently low, the fluorescence
versus laser power dependence can be expressed as

My = ar(x, y) ELp(y) 7 0
1+ B(x, y)ELp(y)
where M is the measured fluorescence signal, § is a parameter
introduced because of the saturation effects, Epp(y) is the
measured laser pulse energy per pixel row (see section 3.5)
and op Eyf is the theoretical unsaturated signal [9]. During
the measurement series of 35 images, the laser pulse energy
was varied in a step-wise manner and recorded together with
the fluorescence signal. Animage of the spontaneous emission
of the discharge with identical detector settings and discharge
conditions was subtracted as background. Equation (1) was
fitted to the measured dependence. An example is shown in
figure 2. The images were taken with 350 ns gate width and
100 on-CCD accumulations. For the argon flow rate of 4.0 slm,
the gate was set to 700 ns due to the extremely long lifetime of
the excited OH (up to 180 ns).
This measurement was carried out for excitations through
all absorption lines.

3.2. Rotational equilibrium

In [10] we justified the assumption that in both the excited
and the ground electronic states, the rotational thermal
equilibrium is reached rapidly and maintained during the whole
fluorescence process. The emission coefficient can be then
expressed as a weighted average of the emission coefficients

4 All the errors reported in this paper are the standard deviations (68%
confidence interval).

for particular rotational lines with the weight given by the
appropriate Boltzmann fraction for the particular upper states:

Aw=0)

=2 2

v (N',J") (N",J")

QI +1)e EVICD Ay (v iy v )
SQJ+ Do Bv/&D
T

@

where single primed values are related to the upper state of the
transition whereas the double primed values are related to the
lower one. The rovibronic states are labelled by the quantum
numbers N and J to specifiy both the rotational state and the
respective spin doublet component, & is Boltzmann’s constant,
T is the rotational temperature and the rotational energy Ey is
calculated from the rotational number according to [19].

Very similar reasoning is applied to the lower state.
For example, when R;(4) line was used for excitation, the
measured concentration is that of the OH in the state with
N" =4, J = 9/2, parity e. To obtain the total concentration
of OH in the ground vibronic state, we must divide the result
by the appropriate Boltzmann fraction

> 2QJ"+1)e Ev/&D
1 NI 3)
f(T,N", J") (2x9/2+1)e E/&D)

where the factor of 2 in the numerator comes from the
assumption that the A-doublet components of the 2T state are
degenerate. Itis notin the numerator, since the R, (4) transition
is allowed only from the e-parity component by the parity
selection rule and the absorption coefficients in LIFBASE
2.1.1, used in this work, take the A-doubling into account.
Similar arguments apply to all used absorption lines.

The calculated mean emission coefficient and Boltzmann
fraction for the range of temperatures relevant for this
publication are shown in figure 3.

3.3. Rotational temperature measurement

The rotational temperature of the OH radicals may be extracted
by comparing the fluorescence signal induced by exciting
from different rotational states of the ground vibronic state.
Under the assumption that rotational thermal equilibrium in the
excited vibronic state is reached rapidly, the fluorescence signal
is expected not to depend on the exact rotational state populated
by the laser excitation. The strength of the fluorescence signal
is given by the Einstein coefficient for absorption and the
population of the lower state of the transition which, in thermal
equilibrium, is governed by the Boltzmann distribution, see (3).

The dependence of the fluorescence signal on the laser
power, as described in section 3.1, was measured for different
rotational lines. For every pixel of each measurement, the gain
parameter ar(x, y, N”, J”) was determined. Then, for each
pixel, a Boltzmann plot was constructed, with the rotational
energies of the lower states of the particular transitions on the
x-axis and the following logarithm on the y-axis:

ap(x,y, N", J") )

In “
((2 J"+1)B(N',J',N", J")
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Figure 3. Mean emission coefficient (blue, solid) and Boltzmann
fractions of the states, labelled in the legend by their quantum
numbers (N”, J”), calculated according to equations (2) and (3)
versus the rotational temperature in the range relevant for the
presented experiment.

where B(N’,J',N”,J") is the Einstein coefficient for
absorption between states (N”, J”) and (N’, J’). The slope
of the linear regression line of the Boltzmann plot equals
—1/(k T). This can be done for every pixel with sufficiently
strong signal, resulting in a map of rotational temperature of
the OH radicals.

In the preparation phase of the experiment, this procedure
was performed for seven different rotational lines—R;(2-7)
and R,(6). An example of the linear regression line is shown
in figure 4. As can be seen, the linear regression fits well.
This further supports the expectation, implicitly assumed when
using formula (3) that the rotational thermal equilibrium is
reached in the ground vibronic state. The Boltzmann plot
suggests that a fairly reliable measurement could be achieved
with as few as three rotational transitions. This was indeed
the standard number of ap(x, y, N”, J”) measurements in
the presented experiment. The lines R;(2), R;(4) and R;(7)
were selected, because the rotational states with N” > 7 are
usually populated quite weakly at the temperatures found in
the plasma pencil. For high argon flow rates or lower driving
power, the signal from the R;(7) line was quite weak and also
excitation through the R; (6) or R; (5) lines was used to increase
the reliability of the measurement. The resulting temperature
maps are shown in figure 5.

3.4. Temporally resolved fluorescence measurement

The assumption of rotational thermal equilibrium implies that
the depopulation of the upper vibronic state after the end of
the laser pulse can be described by a single exponential with
lifetime 7. Spatially resolved T measurement is based on the
assumption that the plasma does not change over the time of
the measurement. A series of fluorescence images was taken
with the gate width of 5 ns. The gate delay with respect to the
laser pulse was increased in exponentially increasing steps.

rotational energy [eV]

Figure 4. An example of the regression line fitted to the measured
fluorescence signal for different rotational transitions. The
transitions used to access the particular rotational states are
indicated on the top of the plot. The discharge driving power was
80 W, the argon flow rate was 0.6 slm. A pixel at the discharge axis
x =0,y = 1.7mm is presented. The rotational temperature from
the fitis 7 = (620 £ 9) K.

Each image was recorded with 500 on-CCD accumulations.
A single exponential was then fitted to the measured data for
each pixel, see figure 6. The product T x A(y—0) defines the
quantum efficiency of the fluorescence.

Since the measurement described in section 3.1 starts after
the end of the laser pulse, a correction must be introduced to
take into account the portion of fluorescence that took place
before the start of the measurement. A convolution of a single
exponential decay with the measured lifetime 7 and of the laser
pulse is calculated to reconstruct the full temporal profile of
the fluorescence and determine the portion of fluorescence lost.
The laser temporal profile for the sake of this reconstruction
was measured by a fast photodiode and its temporal shape is
assumed to be independent of spatial coordinates.

3.5. Calibration by Rayleigh scattering

The detection sensitivity is calibrated by Rayleigh scattering
on laboratory air. The cross section for the scattering into
the direction of the detector, 4w (dors/dS2), obtained from
[20,21]is 7.12 x 10739 m?. The fraction pyi;/k Ty expresses
the concentration of air particles in terms of pressure and
temperature in the laboratory and Boltzmann’s constant.

The expansion of the laser to the sheet is not homogeneous
and a correction must therefore be introduced. In the region
of interest, the laser power distribution in the vertical direction
(y) did not depend on the position in the direction of the laser
propagation (x). The vertical laser power distribution Eygs(y)
is then calculated from the Rayleigh scattering measurement
Mgs(x, y) as

ZMRS(X’ y)

~ 17 /. N Emeas
2.2 Mgs(x, y) ) S ®
y X

Errs(y) =
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Figure 5. The measured temperature maps for various discharge conditions. A sample of the temperature from the model for 80 W, 0.6 slm

is shown at the bottom right.

with x and y being the coordinates of individual pixels and
E neas, rs 18 the spatially integrated laser pulse energy measured
by the pyroelectric head. Since we assumed that the vertical
distribution did not change in time, the same profile was used
for fluorescence measurement:

> Mgs(x, y)

Ef(y) = == X Enmeas.F:
> Mgs(x, y) e
y x

(0)

where Eneas, 1S the spatially integrated laser pulse energy
measured by the pyroelectric head during the fluorescence
measurement.

The purpose of the calibration is to find the gain of the
Rayleigh scattering Mgs(x, y)/Errs(y) of each pixel for given
laser sheet geometry and wavelength and for the particular
scattering medium. In accordance with prior tests of the
detector, the gain map appears to be homogeneous and the gain
of 99% of the pixels was in the interval (2.304; 2.315) counts
per wJ of the laser pulse energy.

3.6. Calculating the OH concentration

Putting the parameters from the preceding sections together,
the following formula for OH concentration can be derived
(see [10] for a more detailed treatment)
ap(x, y, N", J") Errs(y)  Pair
7(x, y) Aw=0)(Tou(x, ¥)) Mrs(x,y) k Tuir
47 (dogs/dS2) 1
"k (N, T, N7, J7) f(Tou(x, y), N, J")

nou(x,y) =

)

In the equation above, k = (8.242.5) x 10~ !! s is the overlap
term of the absorption line and the laser line®, o is the cross
section for absorption that can be obtained form the tabulated
Einstein coefficients Baps as oaps = hv Byys/c, where hv is

5 The overlap term was determined for three different absorption lines at
different positions in the discharge. No obvious correlation between the value
of k and other conditions was observed. The reported value is the arithmetic
average and the error is the standard deviation of the different results.
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Figure 6. An example of the single exponential fit to the measured
decay of the fluorescence signal for RF driving power of 80 W and
argon flow rate of 0.6 slm at the position x = 0.0 mm, y = 1.7 mm.
The fitted lifetime is T = (81 £ 10) ns.

the energy of the transition and c is the speed of light. All
spectroscopic constants are taken from LIFBASE 2.1.1 [22].

3.7. Gas mixing estimation

The effective lifetime 7 of the excited OH is given by the
inverse sum of the Einstein coefficient for emission A, —¢) and
the rates of quenching by various collisional partners Y _ Q;.
The rates Q; can be expressed as a product of the concentration
of the particular species n; and its quenching coefficient g;:

1
— = Aw=o(T)+ 3 (1) gi(T), ®)

where, for fixed pressure, every term is temperature dependent.
The measured maps of temperature 7 and lifetime 7 can be
used to estimate the fraction of ambient air admixed into argon
in the effluent.

The estimate is based on comparing the measured lifetime
Tmeas (X, y) Of the excited OH with the theoretical predicted
lifetime in the effluent gas 75, or in ambient air 7,,. The
effluent gas is assumed to be only argon with a small admixture
of water. The amount of water is taken from the inlet gas
humidity measurement summarized in table 1. The ambient
air is assumed to consist of N (77.8%), O, (20.9%) and H,O
(1.3%), which corresponds to the measured relative humidity
of 46% mentioned in section 2.1. Other constituents, such as
OH, are neglected. All constituents of the two environments
are assumed to mix equally rapidly.

The predicted lifetimes 7o, and t,; are obtained from
LASKIN simulations [23]. The fluorescence process after
the excitation through the R;(4) line was simulated and the
temporal profile of the total fluorescence was fitted with a
single exponential decay to obtain the respective theoretical
lifetime. Since the rates of collision-induced energy transfer
in LASKIN are temperature dependent, the simulations for
the respective gas mixture were performed for temperatures
between 300 and 1000 K in steps of 25 K. The molar fraction

of the ambient air admixed into the effluent gas is then
calculated as

_ 1/ Tieas (%, ¥) — 1/Tac(T (x, ¥))
nact a1/ Tie(T(x, ) = 1/ta(T (x, )’
where T (x, y) is the temperature from the simulated set closest
to the value from the respective temperature map for the
particular discharge conditions. The resulting maps of the
molar fraction of ambient air admixed into the effluent are

shown in figure 7. Points with large relative error (>25%) of
the temperature or the measured lifetime are omitted.

Nair

®)

4. Gas dynamics simulations

The measurements presented in this work are complemented
by a gas dynamics model. The main motivation for the model
is to obtain a tool that would allow us to predict the gas
composition for various flow rates when the gas temperature
near the inlet is known. Furthermore, the results obtained from
the model strongly support the hypothesis that the contraction
of the jet at higher flow rates is caused by turbulent admixing
of air. The model describes the gas flow of hot argon and its
mixing with room temperature air. As mentioned above, the
temperature at the inlet is the only experimental input, although
the gas mixing is relatively insensitive to temperature changes.

The model was developed using the COMSOL
Multiphysics [24] platform. It solves the stationary Navier—
Stokes equations for laminar and turbulent flows of an
inhomogeneous argon—air gas mixture self-consistently with
the diffusion equation for argon—air mixing and the heat
equation for the mixture. Even though the Reynolds number
near the inlet is of the order 10'-10? for flow rates between
0.1 and 5 slm, practice shows that the flow is laminar at least
up to 2.0 slm and turbulence certainly develops above 3.0 slm.
The fluid model is, of course, not capable of describing the
transition between laminar and turbulent flows but can provide
reliable results for both fully laminar and fully turbulent flow
regimes.

As far as turbulence is concerned, the Reynolds-averaged
Navier-Stokes (RANS) equation is solved, which accounts for
the turbulence through additional turbulent viscosity. To obtain
the turbulent viscosity, the RANS equation is solved together
with the standard two-equation k—s model [25]. The turbulent
mixing is accounted for through additional diffusivity given by

VT
S CcT

with vr being the turbulent kinematic viscosity and Sct the
turbulent Schmidt number, set to 0.7 [26].

The boundary conditions (BCs) imposed for the Navier—
Stokes equations are the non-slip BC for velocity at the walls
of the glass tube (with wall functions when turbulence is taken
into account) and a Dirichlet BC for pressure at boundaries far
away from the nozzle outlet, p = 1 atm.

As far as diffusion is concerned, we have used a Fick-like
expression for the flux with the diffusion coefficient calculated
from binary diffusion coefficients using the rule of mixtures

Dr (10)

l—w,-

= 11
Zj#i(xj/gij) ( )
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Table 1. Summary of discharge conditions and main results. Py is the driving RF power, Q 4, is the argon feed gas flow rate, the humidity
is that of the argon gas on the inlet. The temperature 7 is the rotational temperature from the measurements shown in figure 5 and is
averaged over the region with strong fluorescence signal. The maximal OH concentration [OH],,, is averaged over several pixels in the
region with maximum concentration values. The method for estimating the total amount of OH radicals is described in section 5.

Pre (W) Qar(slm)  Humidity (ugl™) T (K) [OH]pa (m™)  OH amount estimate
65 0.6 450 560 5.4 x 107! 4.6 x 10"
80 0.25 760 640 3.8 x 10%! 2.2 x 10"
80 0.6 450 640 5.4 x 10?! 8.4 x 1013
80 1.2 300 520 4.4 x 10* 9.2 x 10"3
80 4.0 120 440 2.2 x 10* 3.8 x 101
100 0.6 450 730 4.8 x 10?! 8.4 x 103
80 W, 0.25 sim 80 W, 0.6 sim 80 W, 1.2 sim 80 W, 4.0 sim 25.0
2 22,5
4 20.0
6r,
. 175+«
8l : =
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g “ = g 112 5§
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Figure 7. Estimate of the molar fraction of admixed ambient air into the effluent gas for different argon flow rates at the driving power of
80 W. The measurements are shown above, the results from the model below.

where the binary diffusion coefficient ©;; is calculated from
the Chapman-Enskog theory [27]:

1.86 x 1072 x T%2 /M + M
9, = (em®s™h). (12)

pol% Q

In the equation above, the temperature T is in kelvin, M; are
the components’ molar masses in a.m.u., o;; is a parameter

characteristic of the gas pair and 2 is a collision integral
depending on the temperature to Lennard-Jones potential ratio.
Both 0;; and 2 are tabulated in [27]. A Dirichlet BC for the
mass fraction, wa, = 1, is imposed at the nozzle outlet.

As far as the heat equation is concerned, we use the
Dirichlet BC for temperature at the inlet, 7j,, taken from
experimental measurement of the rotational spectra. By doing
so, we implicitly assume that the neutral gas heating occurs
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Figure 8. Spatially resolved OH concentration (top) and spontaneous emission of the discharge (bottom) for various argon flow rates at the

driving power of 80 W.

primarily inside the glass tube and not in the jet itself. At other
boundaries, the homogeneous Neumann BC is imposed.

The thermal conductivity in the heat equation and
the viscosity in the Navier-Stokes equations are not only
functions of temperature but also of the local gas composition,
which introduces additional strong coupling between all the
equations. For this reason, a good initial estimate is necessary
for the self-consistent solution to converge. The initial estimate
was obtained by solving the equations uncoupled and taking
the results as the initial condition.

The thermal conductivity Anix and viscosity fumix Of
the mixture were calculated from the components’ thermal
conductivities and viscosities using the equations derived for
viscosity in [28].

Mmix = 13)

Hi
IZ 1+ (l/x,) Zj;éi qu)ij
and an analogous equation for thermal conductivity [29]. In
equation (13), both the indices i and j run over all species and

®;; is a semi-empirical weighting parameter depending on the
components’ molar masses and viscosities [28].

The validity of the model was tested by a direct
comparison with the experiment. In particular, the molar
fraction of ambient air admixed into the flowing argon was
chosen as the testing variable. Experimentally, this was
determined from the lifetime of OH radicals in the A >X state,
similarly to [30], see section 3.7. The agreement between the
experiment and the model is shown in figure 7.

5. Results

The OH concentration was measured for six different discharge
conditions. Both the argon flow rate and the driving RF power
were varied. The results are presented in figures 8 and 9. The
maximal concentration of about 5.4 x 10*! m~3 was reached
at the flow rate of 0.6 slm and high RF powers.

By comparing the images of the visible discharge in
figures 8 and 9 with results in figure 7 we can see that the
active discharge is very sensitive to impurities. Except at the
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Figure 9. Spatially resolved OH concentration (top) and spontaneous emission of the discharge (bottom) for various driving powers at the

argon flow rate of 0.6 slm.

power of 100 W and the argon flow rates greater than 1.2 slm,
the tip of the visible discharge is in the region with less than
3% of admixed air. The elongation of the active discharge into
the region with higher air molar fraction with increasing argon
flow rate is probably due to higher velocity of the energetic
particles.

Under most of the experimental conditions, the region
with the highest OH concentration was found close to the
tip of the visible discharge. This is in agreement with the
hypothesis proposed in [10] that the electric field strength and
thus the mean electron energy is expected to be highest at
the tip of the visible discharge, where the electron density
quickly drops. Consequently, the rate of OH production from
H,O molecules by electron impact is expected to reach its
maximum at the discharge tip. This is similar to the situation

in streamers, where the highest dissociation is known to occur
at the streamer head [31]. In addition, there are two other
mechanisms that help us to place the hydroxyl concentration
maximum to the discharge tip. Firstly, the hydroxyl radical is
produced not only at the discharge tip but also inside the whole
discharge. Since the hydroxyl lifetime in pure argon is long,
hydroxyl concentration should rise from the interior of the
capillary towards the discharge tip due to the its accumulation.
Secondly, the ambient air humidity is much higher than the
humidity of argon, see section 2.1. Therefore, the highest
concentration of water molecules inside the active discharge
must be placed at its tip due to higher amount of admixed
air. This fact further increases the dissociation rate of H,O
molecules at the discharge tip. The increase in hydroxyl
concentration caused by air admixing is visible also at side
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Figure 10. Single-shot image of OH raw fluorescence and the
(weak) background spontaneous emission in the turbulent regime
(80'W, 4.0slm). No corrections are applied to this image.

edges of the discharge. Most of the hydroxyl concentration
maps shown in figures 8 and 9 reveal local concentration
maxima at the sides of the discharge, especially close to the
capillary where the humidity at the discharge axis is the lowest.
The small shift of maximum hydroxyl concentration under the
position of the visible discharge tip at argon flow rate 0.6 slm
and RF powers 65 and 80 W indicates that, together with H,O
dissociation by electron impact, the dissociation by reaction
with argon metastables [32] plays a role.

Different situation with maximum hydroxyl concentration
in the region of the visible discharge was found only at 80 W,
1.2slm. These conditions are atypical due to a low power
density (the discharge was elongated without any increase in
delivered RF power). In addition, changes of plasma chemistry
due to the high air concentration at the tip of the visible
discharge are expected to play a significant role, see e.g. [33].

Increasing the argon flow rate to approximately 3 slm led
to an elongation of the active discharge. However, a further
increase in argon flow was accompanied by shortening of the
discharge and quiet rustling caused by transition of the flow
to the turbulent regime. The turbulent character of the flow
was clearly visible on single-shot images of hydroxyl LIF, see
figure 10. The turbulences led to an increase in gas mixing
shown in figure 7 and an increase in the discharge width.
The measured rotational temperature in the turbulent regime is
significantly lower compared with the other cases. In addition
to the cooling by stronger gas flow, this is partially owed to
the fact that many pixels were outside the active discharge
during some of the individual laser shots due to the turbulence
instabilities, see figure 10.
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Figure 11. A typical relative standard deviation of the OH
concentration from the error propagation formula applied to the
standard deviation of the parameters in formula (7). The shown
example was obtained for driving power of 80 W and argon flow rate
of 0.6 slm.

The relative uncertainty of the results is roughly indirectly
proportional to the fluorescence intensity. The application of
the standard error propagation formula to the uncertainty of
the fit parameters yields a value around 35% in the region with
maximal OH concentration as can be seen in figure 11. The
main contribution to the uncertainty was from the uncertainty
of the overlap parameter «. The concentration maps obtained
by exciting through different absorption lines were in very
good agreement with each other because of the linearity of the
Boltzmann plots, as mentioned in section 3.3.

A rough estimate of the total amount of OH radicals in
the effluent was made. It is based on the assumption that
the laser plane is very thin compared with the effluent and
passing right through the axis of rotational symmetry. The OH
concentration was integrated over the region with less than
50% relative uncertainty. Since the relative uncertainty was
well anti-correlated with the found OH concentration, this can
be considered a reasonable criterion for the region with OH
presence. The results are shown in table 1. The amount of OH
radicals is greater when the visible discharge is longer but the
radicals are spread over a larger volume.

Maps of rotational temperature measured by LIF
of hydroxyl radicals show the expected increase in gas
temperature with increasing RF power. In addition, the
gas temperature decreases with the increase in argon flow
rate, see figure 5. In most of the measurements the
temperature maps reveal maximum gas heating at the discharge
tip, which is consistent with the previous assumption of
maximum electron temperature in this point. The rotational
temperature measurement gave reliable data only in regions
with sufficiently high concentration of hydroxyl radicals.
Therefore, it can be trusted only inside and close to the active
discharge. Outside this region, the temperature can be studied
from gas dynamic simulations.

The numerical model was successfully validated against
the experimental measurements (see figure 7). The model well
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Figure 12. Gas composition along the jet axis for different flow rates. Note the different step size in the turbulent part of the plot.

describes the elongation of the discharge in the laminar regime,
as well as its contraction at higher flow rates, in the turbulent
flow regime. It is also apparent that the gas heating outside
the nozzle has negligible influence on gas mixing, i.e. the
heating approximation holds for the purposes of the model.
On the other hand, the comparison of measured and simulated
temperature maps in figure 5 demonstrates that gas heating
outside the nozzle has an evident effect on gas temperature.
However, this fact does not limit the validity of temperature
simulation outside the active discharge, where the temperature
maps cannot be obtained by LIF measurements. To obtain
the temperature of the gas outside of the active discharge, the
temperature at the inlet can be fitted so that the simulated
temperature at the discharge tip agrees with the experiment.
An example of such simulation is shown at the bottom right of
figure 5.

Having developed and validated the model allows us
to plot axial gas compositions for different flow rates (inlet
temperatures were interpolated from the measured values,
figure 5). Figure 12 shows that the amount of admixed air (and
therefore the jet length) increases steadily with flow rate in the
laminar regime. In the turbulent regime, on the other hand, the
jet gets considerably contracted due to the effects of turbulence
and the length changes with flow rate are almost negligible
(several per cent). This suggests that the turbulent mixing
is much more effective than the convective—diffusive effects.
This is also in good agreement with experimental observations
since the length of the jet does not change noticeably with flow
rate when turbulence develops.

6. Conclusion

Spatially resolved concentration of OH radicals in an effluent
of plasma pencil was measured. The maximal concentration
of 5.4 x 10?! m™3 was reached at argon flow rate of 0.6 sIm
and high driving powers. The typical position of the maximum
hydroxyl concentration was on the tip of the visible discharge,

which was usually placed in a region with almost pure argon.
Only under discharge conditions that led to an unusually
long discharge with discharge tip located in region with
a high amount of admixed air, the position of maximum
hydroxyl concentration was shifted to the centre of the visible
discharge. Local maxima of hydroxyl concentration were
further observed on sides of the argon flow due to admixture
of humid ambient air.

When the argon flow rate was increased above about
2-3 slm, a transition of the argon flow from laminar to turbulent
regime occurred. This transition was accompanied by an
increase in gas mixing, decrease in gas temperature, length of
the visible discharge and concentration of hydroxyl radicals.

The measurement was supported by a gas dynamics model
assuming laminar or turbulent flow of hot argon into ambient
air. Comparing the predicted molar fraction of ambient air with
the experiment led to a good agreement. Comparison of the
simulated and measured temperature maps demonstrates the
influence of discharge heating outside the nozzle on the gas
temperature. This small temperature change increase does,
however, have little effect on the gas mixing.
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Abstract. In recent publications on laser-induced fluorescence (LIF), the measurements are usually
constricted to the region of weak exciting-laser power — the so called linear LIF. In this work, a prac-
tical formula describing the dependence of partially saturated fluorescence on the exciting-laser power
is derived, together with practical implementation suggestions and comments on its limitations. In the
conclusion, the practical formula

« E L
F(Er) = 1 + B EL
is proposed with the limitation for validity 5 Fr < 0.4, where o E, is the hypothetical linear fluorescence
without saturation effects, and a more general formula is derived, which is valid for higher values of 5 Ep,
as well. Extending the range of exciting laser power to the region of partial saturation enhances the signal-
to-noise ratio. Such measurements in a surface dielectric barrier discharge further reveal discharge disrup-
tion by photoelectrons emitted from the dielectric surface. Methods of control and solution of this problem

are discussed.

1 Introduction

Recent publications on selected particle concentration
measurements by laser-induced fluorescence are usually
constricted to the so-called linear regime, where the laser
intensity is kept very low to avoid saturation effects
[11,15]. In this regime the strength of fluorescent signal
is proportional to the intensity of the exciting laser. This
fairly simplifies the evaluation of the measurements at the
cost of weaker signal-to-noise ratio, compared to higher
laser intensities.

An alternative approach — so called saturated LIF —
was developed for the opposite limit. The laser power is
intentionally so strong that the stimulated emission be-
comes the dominant process for depopulating the laser-
excited state. For such cases, equilibrium may be reached
and the theoretical analysis is often based on the assump-
tion that, during the laser pulse, the populations of the
levels of interest do not change with time. This technique
is expected to be insensitive to quenching of the laser-
excited state. An excellent review of this technique can
be found in reference [5]. It is, however, very difficult to

* e-mail: pdvorak@physics.muni.cz

* Contribution to the topical issue “The 14th International
Symposium on High Pressure Low Temperature Plasma Chem-
istry (HAKONE XIV)”, edited by Nicolas Gherardi, Ronny
Brandenburg and Lars Stollenwark

achieve full saturation over the whole time and probed
volume.

An extension of the linear LIF to the region of laser
energies where the stimulated emission and the depletion
of the ground state by the laser are no longer negligible
may help to achieve better signal-to-noise ratio compared
to the strictly linear case without the necessity to reach
and maintain the full saturation. In references [7,12-14]
the response of the LIF signal to the changing laser-pulse
energy Fy (spatially and temporally integrated intensity)
was analysed, looking for the hypothetical fluorescence in-
tensity in the absence of the saturation effects. For this
purpose, an intuitive relation

al L

F(BL) = 755 1)
was fitted to the measured dependence. The value a Ef,
was assumed to express the hypothetical unsaturated fluo-
rescence and the parameter 3, without further insight, was
said to describe the degree of saturation. It was
observed, however, that the relation (1) holds only for
weak saturation, say for SFEr < 0.4. If points with
greater Ej were included in the fit, the results were
significantly distorted, suggesting that formula (1) is cor-
rect only to the first few orders. The motivation for this
work is to support formula (1) theoretically and offer a
more general relation between the fluorescence signal and
laser intensity.

20812-pl
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2 Four-level model and numerical solutions

A four-level model, similar to that by Lucht and
Laurendeau [6], by Dunn and Masri [4] or by Verreycken
et al. [11], was implemented and used to test the theory
derived in Section 3. Since there are some minor differ-
ences from the cited sources, we shall describe the model
in detail.

The model is particularly suitable for a diatomic mole-
cule excited from ground vibronic state to excited elec-
tronic state with v/ = 0, i.e., for moderate temperatures
(say < 1000 K), there is no vibrational energy transfer
that should be accounted for. However, as was shown by
Verreycken et al. in reference [10], it can describe also more
complicated cases with sufficient precision.

There are two laser-coupled rovibronic levels, here
labelled with 0 and 1 and two bath levels (2, 3), see
Figure 1. Before the laser pulse, the relative population
of the 0 level will be equal to the rotational Boltzmann
fraction, noTna = fBo. As level 0 gets depleted by the
laser excitation (with rate coefficient By I), it is repopu-
lated from the bath level 3 by rotational energy transfer
(RET) (Qrrro) that strives to keep the system in rota-
tional thermal equilibrium!. Similarly, as the molecules
undergo the laser excitation to level 1, they are rapidly
rotationally thermalised with rate Qrgri until only the
Boltzmann fraction fp; (with respect to rotational levels)
occupy the level 1 and the rest of excited molecules is in
the level 2. The (directly or indirectly) excited molecules
in the states 1 and 2 then undergo spontaneous transitions
to the lower levels, either radiative (A1g, A13, A, A23) or
non-radiative caused by super-elastic collisions (Q10, @13,
Q20, Q23). Level 1 can be also depopulated by stimulated
emission with the rate Big . This can be written as a set
of rate equations

dno

Fr (=Bo11 = (1 = fBo)R@rET0) M0
+(Bio I + Ao + Qo) 1
+(Q20 + Az0) 2 + (fBo @rETO) N3,
dn1
T BorIng + (=Bl — Ao — Qo
— A3 — Qi3 — (1 = fp1)@reT1) M1
+ fB1 QrET1 N2,
d’fL2
e (1— fB1) QreT1 71 + (—fB1 @RETI
- Azo - QQO - A23 - Q23) na,
dng
Tl (1= fBo) @reTono + (A13 + Qi3)n

+ (A23 + Q23) n2 — fBo QrETO N3

! The RET rate for particular system may be modeled by
LASKIN software [2].

The broadband fluorescence is defined as:

Fy = AIO + A13 /n1 dt + Agg + A23 /ng dt. 2
0 0

This set of equations appears to be analytically soluble,
however, we have not been able to simplify the solution
into a practical formula for fluorescence as a function of
the laser intensity. Nevertheless, if the RET rates can be
considered infinitely fast, the model can be simplified to a
2-level model. This simplification appears to be valid for
atmospheric pressure plasma jets in rare gases [10,12].

3 Two-level model and analytic solution

If the RET is infinitely fast, the relations no’i’ng = fBo
and ﬁ = fp1 are valid during the whole process and
it is no longer necessary to treat the levels separately.
If we define the following rate coefficients:

A= fp1 (Ao + A13) + (1 — f1) (A0 + A23),  (3)

Q= f1(Quo + Qu3) + (1 — fB1) (Q20 + Q23),  (4)

Bavs = Bo1 fBo, (5)

Bgtim = Bio fB1, (6)
and the unified levels as:

No+3 = No + N3, (7)

Niy2 = N1 + na, (8)

a simple two-level system set of equations may be written:

Noys = —Babs I noy3 + (Bstim I +1/7)n1g2,  (9)

h1+2 - +Babs In0+3 - (Bstim 1 + 1/7—) nNi4+2, (10)

where 7 = 1/(A+ Q) is the fluorescence lifetime. We sub-
90 [B1
91 fBo
from equation (9), recalling the relation of Einstein

coefficients Bo1/B1o = ¢g1/9o from the principle of detailed
balancing, where go and g; are the degeneracies of the level
0 and 1, respectively. Defining

tract equation (10) multiplied by a scaling factor

9o JB
6= no+3 — ! nit2, (11)

91 [Bo

N = ngy3 + niq2 = const.,

B = Bstim + Babs = (1 + J0 fBl) Babsa (13)
91 /Bo
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Fig. 1. Scheme of the 4-level model used for numerical modeling.

we may write a single rate equation:

§=—(BI+1/7)6+N/. (14)

This equation has a general solution, for general laser-
pulse shape I(t).

N - j’ (BI(W)+1/7)dv
e —>
T

a1l

— 00

5(t) =

9
[ (BI(s)+1/7)ds

e~ I+, (15)

¢ is indeed an important parameter. The total broadband
fluorescence in this case is defined as:

o0

F=A /n1+2dt.

— 00

(16)

Integrating both sides of the equation (10) reveals the
relation between ¢ and the total fluorescence. The left-
hand side yields:

TL1+2(OO) — TL1+2(—OO) =0. (17)
Here we assume, that the population of the laser-excited
state returns to its initial value, provided we wait long
enough after the laser pulse. Integrating the right-hand
side, putting it equal to zero and using the definition (16)
yields the relation between the laser intensity and
fluorescence

F— At Bu / 5(t) I(t) dt.

— 00

(18)

It is difficult to separate the integration over the laser
pulse in relation (15) and get general result. However,
the solution for a rectangular laser pulse of height I and

duration T (with the laser-pulse energy Ey, = I'T) is rel-
atively simple

T/mT(BI+1
Froet = AT N Baps I % {M

(BI+1/7)?
BI (1 _ Cf(quLl/-r)T)
(BI+1/7)2 } (19)

The exponential can be expanded into a Maclaurin series.
The first-order approximation of this formula is the widely

used linear case
Flst(EL):ATNBabSEL. (20)

The second order expansion gives a quadratic dependence
peaking at BEp =1

1
F2nd(EL) = ATNBabS EL (1 - 5 BEL) . (21)
This is equal to the first-order expansion of
F, (EL)=ATNB EL (22)
apparen = T abs 7 1 5 —
pparent L b. 1+ % BEL

which is the intuitive relation (1) used in the previous pub-
lications [7,12-14]. This suggests that this simple formula
with two parameters can give satisfactory results when-
ever the exponential e~ (FI+1/7)T may be approximated
by the Maclaurin expansion up to the second order. It was
observed in practice, that the apparent value of the satura-
tion parameter 5 depends also on the rates of spontaneous
processes, proving the equation (22) partially wrong.
However, as will be shown in Section 5, fitting equation (1)
to measured data may still yield the parameter o with suf-
ficient precision.

Using the full expansion of the exponential, the rela-
tion (19) may be rearranged to a more comprehensive form

BE?
BE,+ T/t

e_(B Er+T/7) _ 1
_— 41| |.
wmem )

F(EL) = ATNBabS <EL —

(23)
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The first term in the parenthesis represents the linear
case as in equation (20), whereas the other two terms can
be interpreted as a correction for both the depletion of
the ground state and the depopulation of the upper state
caused by stimulated emission. In the limit of high laser
power, assuming that no further non-linear effects become
important, this dependence approaches a constant
value of

Babs

F(Ep, > ) =AT —————
( L ) Babs+Bstim

NQA+4+T/r). (24)
Note that unlike in the paper by Lucht and Laurendeau [6]
or other publications on saturated LIF, F' represents the
time-integrated fluorescence.

For least-squares fitting, this equation will be used in

the form:
e—(Pl Er+p2) _ 1 :D
+1],
p1EL +p2
(25)

p1 E,%
p1Er +p2

F(EL) =a (EL -

where «, p; and p, are parameters.

4 Least squares fitting in practice

In the evaluation of real measurements, we are confronted
with limited range of data that are also distorted by noise.
Furthermore, if a planar LIF measurement is evaluated,
it is desirable to perform the least square fitting with
maximal time efficiency and as robust as possible. This
favours the two-parameter equation (1), also because it
can be easily linearised:

11 .8
F(Ey) «aFE, o

=

(26)

In the practical implementation, the values of measured
signal that, due to fluctuations, fall to or below zero,
should be excluded from the fit. Fitting a linear function
is indeed very robust, fast and requires no initial estimate
of the parameters.

The equation (25) on the other hand, is in practice
rather impractical due to its complexity and also because
the three parameters of the fit are strongly correlated for
a limited range of data.

In direct comparison® on fluorescence of OH radicals
measured in a microwave atmospheric-pressure plasma jet,
the linearised procedure was almost 30 times faster.
The result from the linearised fits is shown in Figure 2.
The OH radicals were excited through R;(4) line of the
A2X (v =0) « X2 (v" = 0) transition at ca. 306.5nm.
The fluorescence was detected after the laser pulse and no
wavelength filtering was used. For further experimental
details see Section 7 or [13].

The relative count of evidently outlying values (aapp <
0 and agpp > 1.5 x 10'9) was ca. 19% for the linearised
two-parameter function and ca. 31% for the three-
parameter function.

2

2 Imder function of FORTRAN minpack library with scipy
frontend was used for the iterative least-squares fitting.

x10™°

160 1.0
140 0.9
0.8

120 '
0.7
100 ‘ 06
80 05
€0 0.4
0.3

40

0.2
20 01
0 0.0

0 1020304050607080

Fig. 2. Results of 2-parameter linearised fit of dependence
of fluorescence signal on the exciting laser pulse energy for a
microwave atmospheric pressure plasma jet. The = and y axes
are labelled in pixels.

apparent value of a [counts/pJ]

5 Comparison of two- and three-parameter
functions

In this section we would like to show practical limitations
for the usage of the two-parameter function (1). To do
so, we have employed the 4-level model described in
Section 2 with parameters as summarised in Table 1.
The choice of the parameters should roughly correspond
to the excitation of OH radical on the Rq(4) line of the
A2X(w = 0) + X2II(v" = 0) transition and typical
temperatures and collision partners’ concentrations in an
atmospheric-pressure plasma jet ignited in a flow of a
rare gas.

The temporal shape of the laser was simulated by the
function

I(t)=atbe !, (27)
B = ‘I(t)dt, (28)
/

with the parameters b = 12.6 and ¢ = 2.44 ns~! that
well represents the temporal shape of our pulsed laser.
The time-integrated fluorescence was calculated from the
4-level model for a range of laser-power values £ and a
least squares fit of equations (1) or (25) was performed,
see Figure 3.

To compare the performance on limited ranges of data,
four loops of least squares fits were performed, each includ-
ing Ey, up to a different value: 5, 10, 15 and 20 (the units
are arbitrary; see Fig. 3 for the relation between E and
the degree of saturation). The results are shown in
Figure 4. The iterating variable in each of the loops was
the lower limit of the FEj range. As the results for
3-parameter fit (Eq. (25)) did not depend on the upper
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Table 1. Coefficients used in the 4-level simulation (see Sect. 2).

Dimensionless Rate (s71) Rate/(EL) (ns™')/(EL) Initial population
go=2(2x4+1) A3 =5x10""* Bio=2 no = 8 x 10*®
g1 =2xb+1 A23:5><1074 3012%310 ny =0
fBo =8 X 1072 Qi3 = 1072 ne =0
fB1=5x10"2 Qa3 =102 ng = 10%°
Ao = A13/5
Ago = Aa3/b
Q10 = Q13 fro
QQO = Q23 fBO
QrETo = 10°
Qrer1 = 10°
18 —
3020 - (a), o = None
25 240 Biop=20
— s Bgop=15
£ 20f T2 E p—1o
= — — Estop—
-D. 3 20 L
g 15| 5 — E,,=5
= e8| _ -
S0l ‘_E 3-parameter
free =
C
0.5} [
©
&
003 5 10 15 20 ©
E, [arb. units]
Fig. 3. Modelled time-integrated fluorescence F' for a range 08 ‘ ‘ ‘ ‘
of laser-power values Ep, (blue crosses) and a least squares fit 1.0 0.8 0.6 0.4 0.2 0.0
of equation (25) (green line). Fit of equation (1) is not shown, dF/dE; [a]
since it would be indistinguishable from the green line.
(b)
0.45
o ) — E,,,=20
limit, only the broadest range (up to E; = 20) is shown. 0.40f o _ie
The plotted results of 2-parameter fits (Eq. (1)) can be o
interpreted as follows: the line indicates the upper limit 0.35} stop=10
of the range included in a fit, whereas the z-position of —— Eyp=5

a point on a line represents the lower limit of the range.
The y-position is then the value of a,p;, resulting from the
particular fit. To give as general information as possible,
the axes are given in the units of «. In the case of the
y-axis this means that the correct value is unity and the
value of aypp in these units gives directly the answer of
how wrong the fit result is.

The z-axis is given in the units of derivative of F'(Ey,)
with respect to Fr, again in the units of a. In these units,
1.0 means perfectly linear growth with no signs of satura-
tion effects, whereas 0 is in the limit of infinite laser power,
where F' no longer depends on Efy.

Figure 4 suggests that the equation (1) is reliable up
to dF/dEL ~ 0.5, where the deviation from the right
value is less then 20%. This corresponds to the values S Ep,
of ca. 0.4. The 2-parameter approximation is thus quite
reliable if the values of Er, included in the fit are limited
to ﬁ E L < 0.4.

Unfortunately, the true degree of saturation is not
known initially. As can be seen in Figure 4, the parameters
« and f are strongly correlated. It is also demonstrated

apparent value of g [arb. units]

1.0 0.8 0.6 0.4 0.2 0.0
dFIdE, [a]

Fig. 4. (a) Performance of the least squares fit of equation (25)
(labelled by “3-parameter”) and equation (1) in various ranges
of Er,. The correct result should always be 1.0, indicated by
a black line, (b) the apparent values of the saturation
parameter 3.

that when dealing with dataset remarkably influenced by
saturation, the results of fitting the whole range a; and
(1 tend to be overestimated. Therefore, a two-step fitting
procedure is suggested. In the first step, the full range of
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1.10 (b), o = None

1.08}

1.06 R

1.04}

1.02f P

apparent value of a [a]
\\
m

1.00

0.98

096 ‘ ‘ ‘
1.0 0.6 0.4 0.2
dF/dE, [al

0.8 0.0
Fig. 5. Apparent values of a parameter from the two-step
linearised fit, cropping the measured values to Er, 1 < 1.

data is fitted with the linearised two-parameter function,
resulting in — potentially overestimated — values of oy, 5.
In the second step, the range is limited to values of energy
61 Er < M. It seems natural to use M = 0.4, based on
the preceding discussion. This was, however, found to be
too strict, as the value (; is likely to be exaggerated.
In practice, we have used the value of M =1, see
Figure 5. It can be seen, that even for significantly satu-
rated data, this two-step procedure introduces error below

10%.

6 Effect of unknown laser profile

In the preceding section, we have implicitly assumed that
the exciting laser power is known accurately. In the real-
life measurements, however, we often measure spatially
and temporally averaged value of Ey, and F. To approach
the problem in a more statistically correct way, let us in-
troduce a profile of the laser power p(EL — Ey), with mean
laser power Ej. If we assume that the shape of the profile
function does not change significantly with Ey, the aver-
aged value of fluorescence F' can be calculated as:

oo

/ F(EL)p(EL — Ey)dEL.

— 00

F(Ey) = (29)

To evaluate the effect of profile function of finite width,
let us consider p(EL — Ey) given by a Gaussian function.
Its width can be better understood by directly compar-
ing its o parameter (given in units of E) with the z-axis
of Figure 3. In the measurement presented in Figure 2,
the typical value of o, recalculated to the units of
Figure 3, would be ¢ = 1. This uncertainty in measure-
ment of E';, was introduced by temporal averaging over 100
laser pulses, but uncertainty in the spatial profile of the
laser would have introduced an indistinguishable effect.
We present also an extreme case of ¢ = 5, which would
be normally considered as a bad experimental setup.
The results are shown in Figure 6. These results were
obtained analogically to the results in the preceding chap-
ter. The main difference is, that prior to the least-squares

(@,o=1
3.5
- Estop=20
307« Egpy=15
2 —E,=10
S 25
bS] — Ejp=5
5 — 3- ter
2 50 parame
>
<
o
©
Q
o
©
1.0 0.8 0.6 0.4 0.2 0.0
dFIdE, [a]
(b),c=1
1.20
1.15
E)
< 1.10 =
‘s EsLop_ZO
E] ©Egp=15
© 1.05
> A E =10
5
5 1.00 stop=2 _
o
Q
©
0.95
0.90
1.0 0.8 0.6 0.4 0.2 0.0
dFIdE; [a]
(@),oc=5
2.0 - - -
18}~ Fw=20
v EByp=15
S 1.
& Lo —Ee,,=10
3
6 l4p| —E,=5
[
% 1.2 — 3-parameter
>
g 10
©
Q
2 08 k ______
06—
0.4 . . . .
1.0 0.8 0.6 0.4 0.2 0.0
dFIdE; [a]
(b),c =5
1.00
0.95
1.0 0.8 0.6 0.4 0.2 0.0
dFdE; [a]

Fig. 6. Apparent values of o after a first least-squares fit
(a) and the two-step least square fit (b) for laser power dis-
tribution with ¢ =1 and o = 5.
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fit, the values of F' were convoluted with the Gaussian
function, according to equation (29). As can be seen, the
two-step fitting procedure gives reliable results for most
considered ranges of data if the uncertainty of the laser
profile is considerably smaller than the laser power
leading to significant saturation (in this case 0 = 1 < 20,
see Fig. 3). If this is not the case (e.g., 0 = 5), the
averaging leads to flattening of the fitted curve and the
apparent value of o tends to be underestimated, here by
ca. 40%.

The two-step fitting procedure, limiting the range of
data by the condition to S Er < 1 appears to be quite
robust even for data affected by reasonable averaging.

7 Laser interaction with plasma

The previous sections have discussed the effect of satura-
tion on the dependence of fluorescence signal on energy
of laser pulses. However, this dependence can be influ-
enced also by other phenomena, as will be demonstrated in
this section on the basis of experimental results. The issue
was studied by means of fluorescence measurement of
hydroxyl (OH) radicals in a diffuse coplanar surface di-
electric barrier discharge (DCSBD), since LIF in surface
discharges is very liable to the unwanted effects that will
be discussed in this section and that can be revealed by
measurement of the relation between fluorescence inten-
sity and energy of laser pulses. DCSBD is a plasma source
which enables generation of large-area visually uniform
thin layers of high power-density plasmas at atmospheric-
pressure and ambient temperatures in practical working
gases as air, nitrogen and hydrogen without the use of ex-
pensive helium or argon [3,8]. Both cathode and anode
are placed side by side inside a dielectric (ceramics) and
the discharge is generated in ca 0.3 mm thin layer at the
surface of the ceramics, see Figure 7. In such a thin plasma
layer it is not possible to prevent all laser photons from
hitting the surface of the dielectric, which influences the
fluorescence measurement, as will be shown later. The pre-
sented measurements were performed in DCSBD ignited
in air by electric field with frequency 16 kHz.

The OH radicals were excited by laser radiation
via absorption line @Q1(2) (wavelength 282 nm) to the
A2X+ (v = 1) state. The laser set-up consisted of
pumping Nd:YAG laser (Spectra-Physics, Quanta-Ray
PRO-270-30), dye laser (Sirah, Precision Scan) and a dou-
bling crystal unit. Fluorescence radiation of the vibronic
bands 0-0 and 1-1 was separated from other wavelengths
by interference filters and detected by an ICCD camera
(Princeton instruments, PI-MAX 1024RB-25-FG-43).
The laser was send parallel to the dielectric surface in
order to minimize the laser interaction with the surface.
The fluorescence radiating in the direction perpendicular
to the laser was measured, as sketched in the Figure 7.

The laser was synchronized with the discharge, which
enabled to perform measurements of the dependence of
the fluorescence signal on mean energy of laser pulses
for various phases (0°, 60° and 120°) of the discharge.
The measured dependencies were fitted by the

ICCD
camera

Optical
filters

]

Laser beam (282 nm)

TTETETTE]
16 kHz DCSBD electrode
HV @) I I !

Fig. 7. Schema of the LIF measurement in the diffuse coplanar
surface dielectric barrier discharge.

15
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* 60 degrees
_ 10}
P
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w
w
- |
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Laser energy [ud]

Fig. 8. Dependence of measured fluorescence signal on mean
energy of laser pulses. The laser was synchronized with the dis-
charge and measurement in two phases of the discharge period
(0° and 60°) are shown.

equation (1). Whereas for discharge phases 60° and 120°
the curve (1) agreed well with measured data, it was nec-
essary to add a positive vertical shift Fj to this equation:

aF L
F(Er) 1+ B EL
in order to fit data measured for the discharge phase 0°,
as shown in the Figure 8.

In order to explain the shift Fyy that appears only for
some discharge phases (i.e., only in some parts of discharge
period), several dependencies of discharge radiation
intensity on discharge phase were realized. During the
first measurement the laser was switched off and only the
spontaneous discharge radiation was measured. This de-
pendence is shown by the black line in the Figure 9 and
shows only small increases in the phase areas 150°-200°
and —40°-20°. In these two parts of discharge period, the
electric field is strong enough to ignite discharges and
increase the spontaneous plasma emission.

After that, laser radiation was switched on with
wavelength tuned to the center of the absorption OH line
in order to measure the fluorescence of OH radicals.
The measured signal is shown by blue line in the
Figure 9 and reveals two distinct maxima around
discharge phases —20° and 160°. We know from the

+ Fo, (30)
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Fig. 9. Dependencies of discharge radiation on discharge
phase. Black line was measured without laser radiation, blue
line with laser tuned to the absorption line of OH radicals
and red line with laser wavelength detuned from the absorp-
tion line. The green line is the difference between the blue and
the red line. The signal depicted by the black line was 5x
increased.

previous paragraph that in these two parts of period active
discharges are ignited and it may seem from this mea-
surement, that concentration of OH radicals is strongly
increased by the active discharge.

Nevertheless, prior to make such a conclusion the
following test was performed: the laser wavelength was
detuned from the absorption line of OH radicals and the
dependence of measured signal on discharge phase was
recorded again. The result, shown by the red curve in the
Figure 9, is significantly higher than the signal measured
with laser switched off. In such parts of discharge period,
when active discharge can not be ignited, the signal mea-
sured with detuned laser is practically constant and can
be attributed to the fluorescence of the ceramics. Since the
active surface discharge is thin, it is not possible to elimi-
nate an impact of a part of laser radiation on the surface
of the dielectric and the resulting fluorescence signal of
the dielectric must be subtracted from the blue line in the
Figure 9.

Surprisingly, we can see again two distinct maxima of
measured signal (red curve) around the discharge phases
—20° and 160°. This increase can be attributed neither to
an increase of dielectric fluorescence, since fluorescence of
the ceramics can not be changed by the discharge signif-
icantly, nor to conventional laser induced fluorescence of
OH radicals, since laser wavelength was detuned from ab-
sorption line of OH radicals and OH radicals were not able
to absorb laser radiation. However, when laser hits the sur-
face of the dielectric, it can ignite the discharge [1] if elec-
tric field between electrodes is strong enough. Therefore,
in the time of high electric field (discharge phases around
—20° and 160°), laser can increase intensity of discharge
in the time of measurement, which leads to an increase
of the spontaneous radiation of hydroxyl radicals. As a
result, the measured value of radiation intensity measured

by the camera is increased by a signal that has nothing
to do with conventional fluorescence. The presented
explanation is in agreement with the electric observa-
tion that in some parts of discharge period laser can create
a peak of electric current flowing through the discharge.

The real fluorescence signal can be obtained as the
difference between the two measurements with laser wave-
length tuned to and detuned from the absorption line of
OH radicals (blue and red lines in Fig. 9). This difference
is depicted in the Figure 9 by the green line and does
not show any significant variation during the discharge
period (62.5 ps) demonstrating long life-time of OH rad-
icals. It should be noted that measured species concen-
tration might be overestimated in such parts of discharge
period, when the electric field is strong, since the artifi-
cial increase of discharge current can lead to an increase
of concentration of measured species. This problem is
absent in the rest of the discharge period, when electric
field is weak and the discharge can not be disturbed
by impact of laser photons. The strong difference
between the behaviour of the originally measured signal
(red line) and the real laser induced fluorescence of OH
radicals (green line) illustrates, that influence of laser on
plasma must be carefully taken into account in surface
discharges.

Since relatively low laser energy is sufficient to artifi-
cially ignite discharges, this phenomenon can explain the
shift of the saturation curve by the value Fy. However,
the Figure 8 reveals one more unexpected feature:
The measured curves are convex, not concave, i.e., the
fitted constant [, which describes the saturation, is
negative. The negative value of 8 was found for all phases
of discharge period. Consequently, it is not an effect of dis-
charges ignited by laser. The observed fluorescence growth
that is faster than linear is a sign of artificial increase of
hydroxyl concentration by photodissociation. Laser pho-
tons have energy high enough to dissociate e.g., ozone
molecules produced in the discharge and oxygen atoms
created by the ozone photodissociation can react with
water vapour to OH radicals [9]. This laser induced in-
crease of OH concentration produces a quadratic term in
the dependence of fluorescence signal on laser energy and,
consequently, leads to negative fitted value of [. This
result emphasizes the fact that for proper treatment of
laser induced plasma fluorescence it is necessary to real-
ize measurements of fluorescence signal on laser energy in
order to find the region of linear fluorescence. If it is not
possible to keep the laser energy in the linear region due
to low signal-to-noise ratio, suitable equation (1, eventu-
ally 25, 30 or a polynomial of second order) should be
fitted to measured data in order to evaluate the linear
coefficient in the chosen equation.

8 Conclusion

The intuitive relation (1) used in previous publications
was subjected to investigation. By solving a coupled set of
rate equations describing a closed two-level system, it was
found to be correct up to second order of Maclaurin
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expansion of the derived result. Comparing the perfor-
mance of least squares fitting of relation (1) and more
rigorous relation (25) to the results of a 4-level model of
fluorescence revealed a practical suggestion to use rela-
tion (1) for the range of laser pulse energies Ey, limited by
BEL <04.

It was shown that measurements of laser induced
plasma fluorescence can be invasive, especially if laser
radiation can hit a solid surface and increase the dis-
charge intensity or if laser intensity is high enough to
influence plasma chemistry by photodissociation. In sur-
face dielectric barrier discharges the measurement can be
further complicated by fluorescence of the dielectric and
laser scattering on dielectric surface. These problems can
be reduced if the contact of laser with the surface is min-
imized and if the laser energy is kept low. To reveal and
solve these problems, it is helpful to synchronize laser with
the discharge and to measure the dependence of fluores-
cence intensity on mean energy of laser pulses. Further, it
is recommended to compare phase-resolved measurements
of fluorescence signal for laser radiation that is tuned to
and detuned from the absorption line of measured species.
Afterwards, such a part of discharge period can be cho-
sen for further measurements, when the electric field is
weak and discharge can not be artificially ignited by laser
radiation.
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2.1.00/03.0086 funded by European Regional Development
Fund and project LO1411 (NPU I) funded by Ministry of
Education, Youth and Sports of Czech Republic, by Czech
Science Foundation under contract GA13-24635S and by
Ministry of Education, Youth and Sports of Czech Republic
under contract TAMB14SK204.
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Abstract

CrossMark

Spatially and temporally resolved measurements of atomic hydrogen concentration above

the dielectric of coplanar barrier discharge are presented for atmospheric pressure in 2.2%
H,/Ar. The measurements were carried out in the afterglow phase by means of two-photon
absorption laser-induced fluorescence (TALIF). The difficulties of employing the TALIF
technique in close proximity to the dielectric surface wall were successfully addressed

by taking measurements on a suitable convexly curved dielectric barrier, and by proper
mathematical treatment of parasitic signals from laser—surface interactions. It was found that
the maximum atomic hydrogen concentration is situated closest to the dielectric wall from
which it gradually decays. The maximum absolute concentration was more than 10> m—3. In
the afterglow phase, the concentration of atomic hydrogen above the dielectric surface stays
constant for a considerable time (10 us—1 ms), with longer times for areas situated farther from
the dielectric surface. The existence of such a temporal plateau was explained by the presented
1D model: the recombination losses of atomic hydrogen farther from the dielectric surface are
compensated by the diffusion of atomic hydrogen from regions close to the dielectric surface.
The fact that a temporal plateau exists even closest to the dielectric surface suggests that the
dielectric surface acts as a source of atomic hydrogen in the afterglow phase.

Keywords: laser-induced fluorescence, TALIF, atomic hydrogen, H,

dielectric barrier discharge, surface discharge

(Some figures may appear in colour only in the online journal)

1. Introduction

Atomic hydrogen is a highly reactive species that plays an
important role in the plasma treatment of solid surfaces and
plasma chemistry. As a strong reducing and etching agent,
atomic hydrogen is used in numerous low-pressure plasma
applications, e.g. plasma etching [1], the passivation of defects
in silicon industry [2], the removal of weakly bonded com-
pounds during the deposition of hard and resistant thin films
[3] etc. Recently, some promising results for the surface hydro-
genation of diamond nanoparticles with atmospheric-pressure

0963-0252/16/055015+9$33.00

hydrogen plasma were accomplished in our laboratories [4],
using coplanar dielectric barrier discharge (DBD). However,
any wider use of atmospheric-pressure hydrogen plasma
treatment raises serious safety concerns on account of high
hydrogen flammability when hydrogen is mixed even with a
small percentage of oxygen or air [5]. A simple, yet effec-
tive approach to mitigate these concerns is to dilute hydrogen
with an inert gas, typically argon, to widen its flammability
envelope [6]. The drawback of this approach is lower atomic
hydrogen generation due to the reduced concentration of Hj.
Fortunately, the presence of Ar atoms introduces several novel

© 2016 IOP Publishing Ltd  Printed in the UK
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reaction channels for H atom creation, which may to some
extent compensate for the effect of H, dilution. Two main
atomic hydrogen production channels (i.e. electron impact
dissociation: e + Hy — H + H, and ion—electron dissociative
recombination H;r + e~ — H;, + H) are extended by dissocia-
tion by metastables (i.e. Ar* + Hy — Ar + 2H), and by ArH"
ion—electron dissociative recombination (i.e. ArHT +e~ —
Ar + H) [7]. Furthermore, in a confined discharge space of
DBD, argon heterogeneous reactions on the dielectric walls
ought to be considered as well. This includes the surface disso-
ciative recombination of ArH" ions and various Ar-mediated
Eley—Rideal mechanism reactions with adsorbed atomic and
molecular hydrogen [8]. It should be noted here that the actual
contribution of heterogeneous reactions is generally only esti-
mated, and most numerical models do not take into account
e.g. material-specific interactions [7]. Such deficiency is quite
bewildering when we realize that the most common motiv-
ation for generating atomic hydrogen is to use it just for het-
erogeneous reactions on solid surfaces.

In the presented work we report on our experimental
assessment of the ground-state atomic hydrogen concentration
above the surface of coplanar DBD, operated at atmospheric
pressure in a mixture of argon and hydrogen. Knowledge of
the spatio-temporal evolution of atomic hydrogen provides an
important insight into the ongoing chemical processes. The
electric field distribution of coplanar DBD allows discharge
microfilaments to propagate only in the thin (a few tenths of
a mm) layer along the dielectric surface, which results in a
strong spatial gradient of created species. Owing to this, the
experimental technique of choice must offer a high degree of
spatial resolution. In this respect, a suitable method is two-
photon absorption laser-induced fluorescence (TALIF), which
has become a powerful tool for the detection of reactive spe-
cies in plasma [9—14]. When TALIF is used for the detection
of free hydrogen atoms, these atoms are usually excited by
the simultaneous absorption of two laser photons with wave-
length of 205.08 nm from the ground state to the state n = 3
[15, 16]. This leads to the generation of fluorescent Ho radia-
tion with an intensity proportional to the atomic hydrogen
concentration. The necessity of absorbing two-photons makes
the emission of the Ha line highly localized only to areas in
the laser beam center, which allows the acquisition of detailed
H atom concentration maps.

The difficulty in employing TALIF measurement for
probing a few tenths of a millimeter above the surface of
coplanar DBD lies in our inability to completely prevent
any contact of the laser beam with the dielectric. This leads
not only to the detection of a redundant signal originating
in the fluorescence of the dielectric material, but also to a
laser-induced discharge breakdown [18]. Therefore, care
must be taken to make the TALIF method non-invasive. The
issue of artificial breakdown can be solved by synchronizing
laser excitation with the DBD voltage cycle, so the laser shots
are taken at the lowest internal field, insufficient to initiate
artificial breakdown [19, 20]. Another approach presented in
this work is to take measurements in a repetitive afterglow
regime, created by a modulated power feed pattern. Besides

_J\‘—?,b
6

Figure 1. The dielectric barrier discharge reactor. l—chamber,
2—quartz window for fluorescence observation, 3a—upper
electrode, 3b—bottom electrode, 4—quartz tube, S—quartz
windows tilted to the Brewster angle, 6—insulation oil, 7—laser
beam in position for the first (7a) and the second (7b) set of
measurements.

simplified chemical kinetics of the afterglow phase, it has
allowed us to monitor the development of atomic hydrogen
over a longer time range, thus enabling a better validation
of our numerical model. The issue of solid material fluores-
cence has been successfully addressed by adopting a suit-
able geometry of the DBD surface, which minimizes laser
beam surface impingement. As we will report in this work,
the geometry adaptation enabled us to monitor the afterglow
H-atom evolution of a single, spatially stabilized coplanar
DBD microfilament.

2. Experiment

2.1. Discharge configuration

The schematic of the investigated surface coplanar dielectric
barrier discharge is shown in figure 1. A spatially stabilized
single discharge microfilament was ignited on the outer sur-
face of a cylindrical quartz tube (HSQ 300, Heraeus) by a pair
of brass triangular electrodes, situated in the tube interior and
oriented in parallel to the tube central axis. The tube has an
inner diameter of 25 mm and a wall thickness of 1 mm. A rela-
tively small radius of curvature of the quartz tube was adopted
intentionally, to effectively divert the dielectric surface from
the line of the laser beam, and thus to minimize the parasitic
material fluorescence of out-of-focus laser beams impinging
on the surface. A quartz dielectric barrier was used for three
main reasons: (1) its high thermal shock resistance; (2) its low
UV absorption leading to the low intensity of the fluorescence
of the dielectric; (3) its smooth surface which minimizes laser
radiation scattering to the detector. The latter allowed focusing
the laser beam into the closest part of the dielectric surface.

To provide necessary HV electrode insulation and active
cooling of the discharge site, insulation oil (Dow Corning 561
silicone transformer liquid) was circulated through the quartz
tube. The distance between the electrode tips was set to 4 mm.
The tube was housed inside a closed plastic chamber to allow
working gas control. In the presented experiment, a mixture of
450 scem of argon and 10 sccm of hydrogen was continuously
flown through the reactor; the whole experiment was carried
out at atmospheric pressure.
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Figure 2. Voltage and current waveforms of the modulated coplanar
surface DBD.

In-house-built HV power supply was used to power the
electrodes by a 33.33kHz HV driving voltage, modulated
by a 300 Hz modulation signal with a duty cycle of 30%.
Specifically, a train of 30 discharge cycles with a single-cycle
period of 30 us was followed by an off-time (an afterglow
phase) and the whole process was repeated at a 300 Hz repeti-
tion rate (figure 2). Upon entering the off-time of the modula-
tion signal, the amplitude of the applied voltage oscillations
started to decrease. To our benefit, the gradual decrease of the
applied voltage resulted in an improved temporal stability of
the microdischarge, as can be seen on the discharge current
waveform in figure 2. Modulation of the HV power supply
was done by the external arbitrary waveform generator (Rigol
DG4162) operating in the repetitive N cycle burst mode. This
waveform generator was simultaneously used for generating
the laser shot synchronization signal. Digital oscilloscope
DSO-S204A (Keysight) was used to monitor the discharge
current, the applied voltage and the time position of the laser
shot. An HV probe P6015A (Tektronix) and current monitor
Model 2877 (Pearson) were used.

2.2. Diagnostics setup

A laser beam for TALIF measurement was generated by a
three-component laser system, shown in figure 3. Pumping
Nd:YAG laser (Spectra-Physics, Quanta-Ray PRO-270-30)
produced radiation with a wavelength of 1064nm, doubled
to 532nm utilizing a KDP crystal. The 532 nm radiation was
used for pumping a dye laser (Sirah, PrecisionScan PRSC-
D-24-EG) with rhodamine 101/B generating a wavelength
of 615nm, tripled to 205nm in a frequency conversion unit.
The output laser beam was focused by a spherical lens with a
focal length of 35 cm and passed through the discharge reactor
in the vicinity of the dielectric. Two sets of positions of the
laser radiation were used for the measurement: for the first
set, the vertical position of the focused laser radiation was
located in the middle of the gap between the electrodes and
the perpendicular distance of the laser beam from the surface
of the dielectric was varied. The vertical position of the laser

Frequency Dye laser
/ tripling unit Rhodamine 101 + B
(205 nm) (615 nm)
33.33 kHz | Lamp Nd:YAG Q-sw
generator | trig. pump laser | sync.
: (532 nm)
HV Discharge
transformer reactor Power
| meter
Positive  Diaphragm .
spherical OPt'CaI
lens filter
ICCD
camera

Figure 3. Experimental setup.

radiation in the second set of measurements was located in
front of the bottom electrode; see figure 1. The areas used
for the collection of fluorescence radiation in the two sets of
measurements are depicted in figure 4. At the measurement
point the radius of the laser beam was below 20 pm, which
defined our spatial resolution of the measurement in the direc-
tion perpendicular to the dielectric surface. For improving
the shape of the beam and for limiting its contact with the
dielectric, an iris diaphragm was used. In order to minimize
the reflections of the laser beam, the reactor windows were
oriented at the Brewster angle. In order to perform time-
resolved measurement, the pumping laser was synchronized
with an HV power supply.

The fluorescence radiation was detected by an ICCD
camera (Princeton Instruments, PI-MAX 1024RB-2-FG-43),
which was synchronized with the pumping laser. To sepa-
rate the measured signal from the plasma emission and laser
scattering, an interference filter for the Ha line 656.3 nm
was used.

3. TALIF method

3.1. Measurement procedure

The TALIF of hydrogen atoms is based on the excitation of the
atoms from their ground state 1s S/, to the state 3d Dy, 52
via the simultaneous absorption of two photons of laser radia-
tion with a wavelength of 205.08 nm [15, 16]. Two-photon
absorption enables one to overcome problems with the gen-
eration and manipulation of VUV radiation that would arise
if standard single-photon laser-induced fluorescence (LIF)
was used. The consequent radiative deexcitation of excited
hydrogen atoms to 2p 2P1/2, 32 state produces fluorescence at
656.3nm (Hay), which is detected and its intensity is used for
the calculation of the concentration of the hydrogen atoms in
the ground state. The method can be calibrated by the TALIF
measurement of krypton with known concentration.



Plasma Sources Sci. Technol. 25 (2016) 055015

M Mrkvickova et al

Figure 4. Discharge image with marked measurement positions.
Rectangles A and B represent the measurement areas for the first
and second measurement sets, respectively. Rectangle C represents
the area used for spatially resolved measurements in the tangential
direction, which are shown in figures 9 and 10.

The measured signal was spectrally, spatially and tem-
porally integrated. For each laser pulse, the ICCD camera
was exposed for 50 ns. This exposure time safely covered
the whole laser pulse and the fluorescence decay time. After
measuring the shape of the absorption line of hydrogen at
given conditions, the other part of the experiment could be
performed quickly with a laser tuned only to the center of the
absorption line and the results were subsequently recalculated
to spectral integrals. The measured signal was typically accu-
mulated during 500 laser pulses and averaged over ten frames.

3.2. Saturation

Laser pulses with energies in the range of 50-60 pJ were used
for the TALIF of hydrogen atoms and energies of 10-20uJ
were used for the TALIF of krypton that was used for the
calibration of the method. In these energy ranges, saturation
effects emerged, which were demonstrated by the fact that the
log—log dependencies of the fluorescence signal on the energy
of the laser pulses had slopes of approximately 1.7 and 1.3 for
the TALIF of hydrogen and krypton, respectively. This slope
would reach a value of 2 in an unsaturated case. It was not
possible to decrease the laser energy enough to avoid satur-
ation either for the hydrogen atoms or for krypton, due to the
poor signal-to-noise ratio for low laser energies. Therefore, the
saturation effects were taken into account, using the formula

-
o
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Figure 5. Fluorescence signal as a function of the energy of the
laser pulses. The measurement data are fitted by equation (1). The
dashed line shows the theoretical signal devoid of saturation effects.
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in analogy to the formula F = «Fp /(1 4+ BEL) that was
derived for single-photon LIF [19]. F is the measured fluores-

ey

cence signal, Ei is the mean value of the squared laser-pulse
energies, aEi would be the hypothetical unsaturated signal
and the coefficient 3 describes the saturation effects. When
the coefficient 3 is found, the measured fluorescence signal
can be multiplied by (1 + ﬁEi), which serves as the correc-
tion of saturation effects. The measured dependence of the
fluorescence signal on the energy of the laser pulses is shown
in figure 5, both for atomic hydrogen and for krypton. The
formula (1) was fitted to these dependencies and the obtained
coefficients (3 were thereafter used for the correction of satur-
ation in equation (2). Typical values of the correction are
shown together with typical values of the laser-pulse energies
in table 1.

Finally, the effect of hydrogen atom production by the
dissociation of hydrogen molecules in an intense laser beam
was examined. Since there was no TALIF signal of atomic
hydrogen when the discharge was not running, it was verified
that this parasitic production of hydrogen atoms had no sig-
nificant effect on the presented measurements.

3.3. Laser-surface interaction

Although the dielectric was made of quartz with a weak
absorption of the used UV radiation and the interference filter
in the camera was utilized, some amount of scattered laser light
or the fluorescence of quartz was still detected when the laser
beam touched the dielectric. This parasitic signal depended
linearly on the energy of the laser pulse. Therefore, the fol-
lowing procedure was performed to separate the hydrogen
fluorescence signal from other redundant signals. Besides a
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Table 1. Parameters used for the evaluation of TALIF
measurements.

Parameter H Kr

A 205.08 nm 204.13nm

qar 3.93x 107 m¥ s [16] 1.29 x 107" m* s~ [16]
(i 20.4 x 107 m* s~ [16]

G 1.46 x 107" m? s~' [16]
Trad 17.6 ns [16] 34.1ns [16]

Ev 50-60 1 10-20 puJ

| + pEX 1.6-19 1.2-1.8

T 80% 82%

C 5.2% 1.8%

oA gTA 0.62[16]

Agr /Ay 0.614 [21]

Note: ) is the laser wavelength, ga, qn, and g; are the rate coefficients for
the quenching of excited species at room temperature by binary collisions
with Ar, H, and Kr, respectively, 7,4 is the radiative lifetime of excited
species and Ey is the typical range of the energy of the laser pulses. The
remaining quantities are described in section 3.

common dark frame measured without the presence of any
laser radiation, each measurement was repeated with the laser
detuned some 20 pm from the center of the hydrogen absorption
line, i.e. at a wavelength that cannot excite hydrogen atoms but
generates practically the same intensity of the fluorescence of
the dielectric. The laser-pulse energy of both measurements was
kept at similar levels. The pure fluorescence signal of hydrogen
S was calculated as

EL,meas

S= |:Smcas - Sdarkf (Sdcluncd - Sdark) : ] : (1 + ﬂEi,meas),

2

where Speas is the signal measured with the laser wavelength
tuned to the center of the absorption line; Ef meqs is the mean
value of the laser-pulse energies during this main measure-
ment; Sgerned 18 the signal measured with the laser detuned
some 20 pm from the center of the absorption line; EL deuned
is the mean value of the energies of the detuned laser pulses;
Saark 18 the dark signal measured without any laser radiation;

L,detuned

and expression (1 + ﬁEimeas) compensates for the saturation
effects. The subtracted parasitic signal (Sgetuned — Sdark) Was
well below 20% of the signal (Smeas — Sdark)-

3.4. Absolute concentration values

To determine the absolute densities of the hydrogen atoms,
calibration measurement of the TALIF of krypton was per-
formed. A mixture of Ar+ 3% Kr was injected into the
reactor. The krypton atoms were excited from the ground state
4p% 'Sy to the 5p’[3/2], state by the two-photon absorption of
204.13 nm laser radiation. Subsequent fluorescence radiation
was observed on wavelength 826.3 nm during the deexcitation
to 5s’[1/2]; state. The absolute concentrations of hydrogen
atoms Ny were calculated by the formula [16]

S B2 2
Ny = Mg LK ];Kr (ﬂ)
SKrEL,H VKr

TA
oxr Ak e Tr G

—
o Aum Ta Cu

3)

where S represents the temporally, spatially and spectrally
integrated fluorescence signals with the correction of satur-
ation effects; Ei is the mean value of the squared laser-pulse
energies; v is the frequency of the laser photons; o™ is the
cross section for two-photon absorption; A is the Einstein coef-
ficient of spontaneous emission from the excited state; 7 is the
lifetime of the excited state (fluorescence decay time); 7 is the
transmission of the interference filter; and C is the quantum
efficiency of the ICCD camera for the wavelength of the fluo-
rescence. Indices ‘H’ and ‘Kr’ differentiate between quanti-
ties related to atomic hydrogen and krypton, respectively. The
ratio of the two-photon absorption cross sections for atomic
hydrogen and krypton was published in [15, 16].

Since the lifetime of excited hydrogen and krypton atoms
was approximately 0.1 ns and 0.3 ns, respectively, it was not
possible to determine the lifetimes experimentally. Therefore,
they were calculated by means of known quenching coef-
ficients that were taken from [16, 17]. The values of the
quenching rate coefficients are summarized in table 1 together
with other quantities used for the evaluation of the TALIF
measurements in this work. The effect of quenching by three-
body collisions was neglected, which is in agreement with the
findings described in [22]. However, the temperature depend-
ence of the quenching rates should be taken into account. The
values of quenching rate constants depend on the mean speed
of the colliding particles and the concentration of collisional
partners is a function of the gas temperature as well. The
mutual effect of these two factors predicts that the quenching
rate is proportional to Tgo.s, where T, is the gas temperature.
According to spectral measurements of the rotational temper-
ature, the value 500 K was used as the gas temperature in the
coplanar discharge, whereas the Ar—Kr mixture used for the
calibration measurements was assumed to have room temper-
ature. The eventual cooling of the gas in the afterglow phase
of the DBD was not analyzed. Consequently, it is possible that
the lifetime of the excited hydrogen (7y) decreased slightly
with time due to the gas cooling in the afterglow phase.
Therefore, the real concentration of hydrogen atoms in the late
phases of the afterglow or in areas with lower gas temperature
might have been a little higher than the values presented in
this work. As a result, it is possible that the real duration of the
plateau shown in section 4 was in reality slightly longer than
is presented in the forthcoming section. Nevertheless, even in
the case of complete gas cooling to room temperature during
the first 2 ms of the afterglow, the error of the calculated con-
centration values would be less than 30%.

4. Results and discussion

4.1. Atomic hydrogen concentration

The concentration of atomic hydrogen in various positions is
shown in figures 6 and 7. Immediately after the end of the
discharge pulse, the concentration values varied in the range
of 10>'-2-10%> m~>. The highest values were found in the
vicinity of the dielectric surface, where the hydrogen dissocia-
tion degree defined as [H]/([H] + 2[H;]) reached approx. 3%.
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Figure 6. Temporal evolution of atomic hydrogen concentration in
the afterglow for the first set of positions (between electrodes) for
various distances from the dielectric surface. The lines represent the
results of the diffusion—recombination model with (dash-and-dot)
or without (solid lines) the source term on the surface.
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Figure 7. Temporal evolution of atomic hydrogen concentration in
the afterglow for the second set of positions (at the electrode) for
various distances from the dielectric surface. The lines represent the
results of the diffusion—recombination model with (dash-and-dot)
or without (solid lines) the source term on the surface.

This concentration value can be compared with the atomic
hydrogen concentration found in other plasma sources. In
an atmospheric pressure volume DBD, concentration over
10*' m~3 was measured by the TALIF method [22]. In low-
pressure capacitively coupled discharges the atomic hydrogen

22
2510, : : :

—A— 1 us
—+—3us
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—— 48 us
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Figure 8. Spatial distribution of atomic hydrogen in the plane of
symmetry of the reactor; the position shows the distance from the
dielectric surface (in front of the inter-electrode gap). Shown for
various delay times after the end of the discharge pulse.

concentration was found to be in the order of 102 m~3 by
means of TALIF [21, 23] and in the range of orders from 10%
to 10%> m—3 by means of a method based on the comparison of
atomic and molecular line intensities [24]. The same method
was used in hydrogen capillary DC-arc discharge and in MW
discharge. In both these discharge types, the atomic hydrogen
concentration was found to be in the order of 102 m~3 [24].
Finally, in the expansion region of an Ar—H, arc the concen-
tration over 10?° m—3 was determined by the TALIF method
[15]. It follows from this comparison that the concentration
of atomic hydrogen in the surface coplanar DBD is relatively
high, which can be most probably attributed to a high power
density in its thin active discharge layer.

As described above, the concentration of free hydrogen
atoms was measured in two sets of positions. The first set of
measurements was located on the horizontal plane of sym-
metry of the discharge, i.e. between electrodes. The measure-
ments were repeated for various distances of the focused laser
beam from the surface of the dielectric. The atomic hydrogen
concentration was averaged over approx. 1 mm of the laser
beam path. This measurement area is depicted in figure 4
by rectangle A. The temporal evolution of atomic hydrogen
after the end of the discharge pulse in this set of positions is
shown in figure 6 for various distances from the surface of the
dielectric. It can be seen that after the end of the discharge
pulse, atomic hydrogen concentration remained constant for
10-1000 ps and only after this extended time did it start to
fall. The duration of the concentration plateau depended on
the distance from the surface of the dielectric: it terminated
after tens of microseconds in the closest vicinity of the sur-
face but it lasted for approximately 1ms in the distance of
I mm from the surface. Figure 7 depicts an analogous set of
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Figure 9. Spatio-temporal development of atomic hydrogen
concentration in the distance 0.1 mm from the dielectric surface.

measurements realized in front of the bottom electrode (rec-
tangle B in figure 4). The temporal and spatial development
of atomic hydrogen at the electrode is similar to the situation
in front of the gap, but the concentration values are smaller
in front of the electrode, for the filaments are not pinned to
a stationary position here as they were at the inter-electrode
gap. Atomic hydrogen concentration again decreases when
distance from the surface is increased and the temporal evol-
ution again reveals a plateau with slightly longer duration than
that in front of the inter-electrode gap. Our explanation for the
existence of the plateau will be presented in section 4.2.

The data in figures 6 and 7 can be inverted in order to show
the spatial distribution of the atomic hydrogen concentration.
The atomic hydrogen spatial distribution in front of the inter-
electrode gap is shown in figure 8; the situation in front of
the bottom electrode is not shown since it is very similar to
the situation in front of the gap. Shortly after the end of the
discharge pulse, the spatial profile of atomic hydrogen con-
centration reveals a nearly exponential decrease with a fall to
one half of the maximal concentration at the 0.3 mm distance
from the dielectric surface. This finding is in agreement with
the optical measurement of the thickness of the active surface
coplanar DBD layer reported in [25]. When the time spent in
the afterglow phase was increased, atomic hydrogen concen-
tration decreased and its profile was flattened by the diffusion
flow and recombination losses in agreement with our model
described in section 4.2.

Since the ICCD camera directly measured the image of the fluo-
rescence, we could quite straightforwardly analyze the atomic
hydrogen distribution along the laser beam, i.e. in the tangen-
tial direction to the discharge axis, as depicted by rectangle
C in figure 4. A typical example of the atomic hydrogen con-
centration spatio-temporal map is shown in figure 9, where
spatio-temporal development in the distance 0.1 mm from
the dielectric surface is depicted. The shape of the spatio-
temporal dependencies in other measurement lines in front of
the inter-electrode gap was similar, but the maximum concen-
tration decreased with the distance from the dielectric surface
increased. Figure 9 demonstrates that a plateau is also pre-
sented alongside the discharge axis with practically the same
duration. The width of the atomic hydrogen-rich region can

022 1 us
' 3 us

8 us

28 us
48 ps
78 us
478 ps
1378 us
1978 us

x1

4 3 2 14 0 1 2 3 4
tangential position [mm]

Figure 10. The spatial distribution of atomic hydrogen
concentration in the direction of the laser beam in the distance

0.1 mm from the dielectric surface for various delay times from the
end of the discharge pulse.

also be seen in figure 10, which shows cuts of figure 9 for
decay times of 1 us to approx. 2ms. The FWHM rises from an
initial 2 mm to approx. 3.5 mm for a delay time of 2ms. A dif-
ferent situation was found in front of the electrode, where the
spatial profile of atomic hydrogen was flat due to the random
position of the discharge filaments. This flat concentration
profile and the resulting weak diffusion parallel to the surface
can explain the fact that the plateau persisted slightly longer in
front of the electrode than in front of the inter-electrode gap.

4.2. Model of atomic hydrogen diffusion and recombination

The development of H atom concentration n(x, ¢) in front of
the dielectric surface was described by the following one-
dimensional (1D) equation:

on(x,t) -D on(x, 1)
ot ox

where x is the distance above the dielectric, D is the diffusion
coefficient for hydrogen atoms in argon and k; is the recombi-
nation coefficient. k, is the sum of recombination coefficients
krinar and kony, for two possible recombination channels

- kr [n(x7 t)]z ) (4)

H+H+Ar->H+Ar  ki=18x107%T, (5)

and

HtH+HoH+H  kp=27x10717,% (6)

where the recombination coefficient units are cm® molecule 2 s~

and T, is the gas temperature. The temperature of H atoms
produced by electron impact dissociation was determined
as follows. The dissociation of molecular hydrogen by low-
energy electrons occurs mainly via a dissociative excitation
process through the lowest repulsive b *Z state. The H(1s)
atoms produced in this process have kinetic energy which is
estimated to be ~2-3eV [26]. These hot H atoms are cooled
in collisions with Ar atoms. On average 85 collisions are
needed to cool the hot H atoms to thermal energies. Using
the collision frequency calculated with the cross section from
[27] it was estimated that at our experimental conditions the
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hot H atoms are cooled down to the gas temperature within
8 ns. So it was considered in the model that the recombining
and diffusing H atoms have a temperature equal to the gas
temperature. The gas temperature used in the model was
T, = 300 K, since most of the area investigated by the model
lay outside the active discharge, where the gas temperature
was close to the room temperature. It was also found that the
results of the model with higher gas temperature (up to 500 K)
are not significantly different from the results calculated with
T; =300 K. The values of the recombination coefficients
were taken from [28]. The value of the diffusion coefficient
D = 1.4cm? s~ ! was taken from [29]. Equation (4) was solved
numerically by the methods of lines for x from 0 to xp,x = 1.2
cm. The boundary conditions were

N(Xmax, 1) = 0 (7
and

D E =y S+ Q)
where vy, is the mean thermal velocity of the H atoms; + is the
surface recombination probability for the H atoms and Q(?) is
the source term, which describes a possible source of H atoms
from the dielectric surface. The value of + at the temperature
of 300 K was set to 10~* in the model [30]. The experimental
data on H atom concentration at t = 1 us were fitted by an
exponential function. Afterwards the H atom concentrations
calculated using this exponential function were taken as the
initial values for the solution of equation (4).

The atomic hydrogen concentration calculated by the model
without any surface source of H atoms is shown as solid lines
in figures 6 and 7. With the exception of the points located
closest to the surface of the dielectrics, the model agrees well
with the temporal behaviour found by our TALIF measure-
ments. The model predicts the existence of a concentration
plateau followed by the fall of atomic hydrogen concentration.
Both the duration of the plateau and the rate of concentra-
tion fall calculated by the model are in reasonable agreement
with the experiment. For some points above the bottom elec-
trode (positions 0.3 mm and 0.5 mm in figure 7) the calculated
concentration values are shifted with respect to the measured
data. This originates from the fact that the measured spatial
concentration profile did not fit perfectly to the exponential
fall function, used as the initial condition for the model.

According to the model the existence of the plateau in the
temporal development of atomic hydrogen concentration can
be explained as a mutual effect of recombination and diffu-
sion. The recombination losses of hydrogen atoms in regions
farther from the dielectric surface are for some time compen-
sated by the diffusion of atomic hydrogen from regions close
to the dielectric, where the concentration values are relatively
high. The model does not predict the existence of a plateau
at the closest vicinity to the surface since there is no diffu-
sion supply of atomic hydrogen to this region. Nevertheless,
our measurement revealed that a plateau is present even in
the closest vicinity of the dielectric surface. This discrepancy
between the model outputs and measurements indicates that
the dielectric surface acts in the afterglow as a source of free

at x =0, 8)

hydrogen atoms that were either adsorbed on the surface or
directly created on the surface e.g. by surface ion recombina-
tion. To prove this hypothesis the model was extended by a
source of atomic hydrogen released from the dielectric sur-
face. The flux Q of H atoms from the surface was described
by the following function:

0O(t) = Aexp(—kt). 9)

The constants A and k in this function were chosen so as
to achieve good agreement between the measurement and
calculation data. The atomic hydrogen concentration calcu-
lated by the model with this atomic hydrogen flux is shown as
dash-and-dot lines in figures 6 and 7. Good agreement of con-
centrations was obtained in front of the bottom electrode for
A=1x10%cm2s 'andk =1 x 10°s™!; see figure 7. The
flux term increased the hydrogen concentration for the three
nearest distances from the dielectric surface at a time delay of
around 10 us, which gave significantly better agreement with
the measurement data. The concentration of atomic hydrogen
at positions more distant from the dielectric surface was
not affected. In front of the inter-electrode gap, good agree-
ment of the calculated concentration values with the exper-
imental ones was obtained for A = 2.7 x 10'® cm™2 s~! and
k= 1x 10°s~!; see figure 6. In this case there was higher flux
of atomic hydrogen from the surface, which could be related
to the higher H atom concentration in this region. It is clear
that in both cases introduction of the flux term improved the
numerical fit to our experimental data in the close vicinity of
the dielectric surface.

If the H atom flux from the surface is due to desorption,
then it follows from equation (9) that the first-order desorp-
tion rate coefficient kgesor is equal to k = 1 x 10° s~1. This rate
coefficient can be shown to have an Arrhenius form

kdesor = kO exp(ﬁ), (1 0)

ksT

where Egesor 1S the depth of the potential well and for che-
misorption ko~ 10'3 — 101 s=! [31]. If kg is set to 10'* 571,
then the value Egesor = 0.5 €V is obtained. Also the constant
A is equal to ngokdesor, Where ng is the initial surface con-
centration of absorbed H atoms. For the position in front of
the bottom electrode and inter-electrode gap the values of ngy
are 1 x 10" ecm™2 and 2.7 x 10"3 cm™2, respectively. Since no
other studies dealing with H atom desorption from a quartz
surface were found, the obtained values of ngy and Eq.o Were
compared with values published in studies of the desorption
of other atoms: Marinov et al [32] estimated the initial surface
concentration of N atoms on a Pyrex surface to be 3 x 10"
cm~2, and Guaitella et al [33] estimated the initial surface
concentration of O atoms on a Pyrex surface to be 2 x 10"
cm™2. Marinov et al [34] also studied the kinetics of adsorp-
tion, desorption and recombination of nitrogen atoms on a
silica surface and they concluded that weakly bonding active
sites exist on the surface with the binding energy smaller than
1eV. To conclude, the obtained values of ngy and Egesor for H
atom desorption from quartz surfaces are consistent with the
abovementioned references.
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5. Conclusion

The difficulties of employing TALIF for the measurement of
atomic hydrogen in the vicinity of the dielectric surface of
coplanar DBD can be solved by a suitable choice of dielectric
material with a smooth surface and low intrinsic fluorescence;
by the proposed treatment of redundant signals; by taking
measurements during the afterglow phase, so no artificial laser
breakdown could be ignited; and by employing coplanar DBD
with a convexly curved surface.

The spatio-temporal profile of atomic hydrogen concentra-
tion shows that free hydrogen atoms are localized mainly in
the 0.3 mm thin layer above the dielectric surface. This corre-
sponds well to the thickness of the active discharge measured
by discharge imaging. The area with the highest concentration
of atomic hydrogen is situated in the closest vicinity of the
dielectric surface and its value is above 10> m~3. The lateral
diffusion of atomic hydrogen from the axis of localized fila-
ments is approx. 1 mm. The atomic hydrogen concentration
measured in the coplanar surface DBD is significantly higher
than the values reported for volume DBD.

The temporal evolution of atomic hydrogen concentration
shows that the atomic hydrogen concentration stays constant for
a certain time after the end of the laser pulse. This concentration
plateau lasts from tens of microseconds for positions close to the
solid surface, to approximately 1 ms for positions located 1 mm
above the surface. Our 1D numerical model explains the for-
mation of the plateau by the combination of the recombination
and diffusion of hydrogen atoms. The recombination losses of
atomic hydrogen in regions farther away from the dielectric are
compensated by the diffusion flow from H-atom-rich regions
that are located closer to the dielectric. The fact that the plateau
remains for a relatively long time even at the closest vicinity of
the dielectric surface indicates that the dielectric surface itself
acts for tens of microseconds as a source of atomic hydrogen.
The spatio-temporal development of atomic hydrogen is very
similar in both investigated regions, i.e. in the center of the
inter-electrode gap and above the HV electrode.
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Abstract

CrossMark

Concentration of atomic oxygen was measured in a volume dielectric barrier discharge (DBD)
ignited in mixtures of Ar 4 O,(+4 H,) at atmospheric pressure. Two-photon absorption laser
induced fluorescence (TALIF) of atomic oxygen was used and this method was calibrated by
TALIF of Xe in a mixture of argon and a trace of xenon. The calibration was performed at
atmospheric pressure and it was shown that quenching by three-body collisions has negligible
effect on the life time of excited Xe atoms. The concentration of atomic oxygen in the DBD was
around 10*' m~ and it was stable during the whole discharge period. The concentration did not
depend much on the electric power delivered to the discharge provided that the power was
sufficiently high so that the visible discharge filled the whole reactor volume. Both the addition
of hydrogen or replacing of argon by helium led to a significant decrease of atomic oxygen
concentration. The TALIF measurements of O concentration levels in the DBD plasma
performed in this work are made use of e.g. in the field analytical chemistry. The results
contribute to understanding the processes of analyte hydride preconcentration and subsequent
atomization in the field of trace element analysis where DBD plasma atomizers are employed.

Keywords: laser induced fluorescence, TALIF, atomic oxygen, O, dielectric barrier discharge,

plasma

1. Introduction

Dielectric barrier discharges (DBD) present a practical way
for generation of low-temperature non-thermal plasma at
atmospheric pressure. Complex processes occurring in these
plasmas include reactions of electrons, metastables and radi-
cal species. In spite of the fact that radicals belong to the most
reactive species in plasma and that they are of key importance
for the most of practical plasma applications, their con-
centration in plasma sources is usually unknown. Quantitative
spectroscopic measurements of concentration of radicals are
complicated, namely at atmospheric pressure, due to fast
collisional quenching of excited states of measured species.
This work focuses on measurement of concentration of
monoatomic oxygen radicals by laser-induced fluorescence

0963-0252,/17/065020+11$33.00

(LIF). In order to avoid problems with generation and
manipulation of VUV laser radiation, two-photon absorption
of laser radiation (TALIF) with wavelength 225.6 nm was
used, as was described in [1, 2]. The TALIF method had been
used for oxygen radical measurement at atmospheric pressure
e.g. in RF [3-5] and MW [2] plasma jets, ns-pulsed dis-
charges [6] and flames [7]. A cross section for two-photon
absorption by atomic oxygen was published in [8, 9]. Since
TALIF of xenon is usually used for calibration, the ratio of
cross sections for TALIF of O and Xe, which was measured
in [1], is of higher practical importance for fluorescent mea-
surement of atomic oxygen concentration. Especially at
atmospheric pressure, the quenching rate must be known for
quantitative evaluation of TALIF measurements. Quenching
rate constants for binary collisions of excited atomic oxygen

© 2017 IOP Publishing Ltd
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and xenon with common gases were published in [1, 10, 11]
and [2], respectively. Unfortunately, three-body collisions
may play a role at atmospheric pressure and their influence on
deexcitation of excited atomic oxygen and xenon by other
gases is mostly unknown with the exception of xenon
quenching by helium atoms [2].

An appealing application of DBD is its use as a hydride
atomizer in the technique of hydride generation (HG) with
subsequent atomic absorption spectrometry (AAS) detection
[12]. HG-AAS is a well established approach to determine
virtually all elements forming volatile hydrides, namely
arsenic, antimony, bismuth, germanium, lead, selenium, tell-
urium and tin [13]. The analyte species are reduced, typically
by a chemical reaction in acidic media with sodium tetra-
hydroborate, to a corresponding gaseous hydride. Generated
hydride, together with hydrogen evolved as a reaction side
product and usually also with some amount of oxygen, is
subsequently transported by a flow of inert gas (usually Ar or
He) to an atomizer to be converted to analyte free atoms
which are detected by AAS. Quartz tubes (QTA) heated to
900°C are predominantly used as atomizers. According to the
present knowledge, hydride atomization in QTA proceeds via
interaction with free radicals such as H, OH and O [13].

It has convincingly been shown that hydrides cannot be
atomized in QTA in the absence of hydrogen [13, 20].
Moreover, even in hydrogen presence, a certain oxygen
content in the atomizer is required for achieving optimum
sensitivity [20]. This indicates that hydride atomization in
QTA proceeds via interaction with radicals produced there by
reactions between hydrogen and of oxygen [13]:

H+ O, «— OH + O,
OH + H, «— H,0 + H. 3)

The radical concentrations there are thus many orders of
magnitude above their equilibrium values [21].

Recently, DBD atomizers have been reported as a useful
alternative to QTA [14-17]. Atomization mechanism in DBD
atomizers remains unknown, however, free radicals formed in
the DBD plasma [12] should be expected to play an analo-
gous role as in QTA [18]. Absolute concentrations and spatial
distribution of H radicals in a volume DBD under exper-
imental conditions typical for HG-AAS have been investi-
gated [19]. Concentration of atomic hydrogen was in the
order of 10*' m™ in the Ar-H, mixture and the maximum
dissociation degree of hydrogen was ca 0.3%.

In principle, there could be, in contrast to QTA, a sub-
stantial concentration of free radicals in DBD atomizers even
in the absence of hydrogen introduced to the atomizer due to
the plasma environment. Absolute concentrations of O radi-
cals in a volume DBD are studied in this work in order to get
deeper insights into the atomization of hydride forming ele-
ments. This study follows our previous work focused on the
investigation of H radicals in the same volume DBD [19]. It
must be highlighted that the main source of H, in HG-AAS is
hydrogen evolved in the hydride generator as a side product
during chemical conversion of analyte to a corresponding
hydride. The typical sources of O, in the system are: (1)

1)

impurities in the carrier/discharge gas (Ar, He), (2) oxygen
dissolved in solutions of chemicals and subsequently stripped
out during HG and (3) diffusion of air into the DBD atomizers
from ambient atmosphere. Additionally, water vapor present
in the ambient atmosphere may be a source of both O and H
radicals as well. In general, HG-AAS systems with on-line
atomization, i.e. with direct introduction of analyte hydride
generated into the atomizer, produces around 10-20 sccm of
H,. Thus, H, is in a great excess over O,.

However, there are advanced HG-AAS approaches in
which preconcentration of analyte hydride generated is
employed prior its atomization in order to further decrease the
detection limit. Analyte hydride is preconcentrated either in a
special device upstream from the atomizer or directly in the
atomizer (in situ). The role of O, and O radicals seems to be
crucial in the preconcentration methods, since O, to H,
concentration ratios in the atomizer are much higher than with
the on-line atomization approaches. One of the pre-
concentration approaches includes the collection of analyte
hydride in a cryogenic trap cooled by liquid nitrogen [22],
which is placed between the hydride generator and atomizer,
and the subsequent release of the preconcentrated analyte to
the atomizer by heat. Since hydrogen is not captured by the
trap, the O,/H, ratio in the carrier gas is significantly
increased.

In situ preconcentration of analyte hydrides in a DBD
plasma discharge has been described recently [15, 17].
Briefly, the addition of several sccm of O, to the Ar plasma
results in a retention of analyte hydride in the optical arm of
the DBD atomizer. Analyte release and atomization is reached
as soon as oxygen flow is stopped. The trapping and volati-
lization processes are controlled only by presence and
absence of oxygen in the discharge gas, respectively.

The aim of the present work was to determine atomic
oxygen concentrations in the DBD atomizer under typical
operating conditions in HG-AAS, both in the presence (on-line
atomization approach) and absence of hydrogen (pre-
concentration approach). No analyte hydrides were introduced
to the atomizer for the sake of simplicity.

However, DBD ignited in Ar 4+ O, mixtures are used in a
much wider spectrum of plasma applications and, therefore,
the topic of the presented work is of importance for a broader
range of problems. Atmospheric-pressure plasma jets ignited
in mixtures of a rare gas with oxygen are used for surface
treatment including the field of plasma medicine [23]. There
are two basic types of atmospheric-pressure plasma jets. The
first type of jet is ignited by RF (or MW) electric field.
Atomic oxygen concentration in this type of helium plasma
jet was measured e.g. in [2, 3, 24]. The second plasma jet type
is a DBD discharge ignited by frequencies in the kHz range.
Values and behavior of atomic oxygen concentration in the
DBD are unknown. Moreover, the cited works [2, 3, 24] were
realized in He jets, whereas the presented work concentrates
to O measurement in an Ar DBD. Concentration of atomic
radicals in He and Ar discharges may differ significantly since
reaction of common molecular gases with helium metastables
leads mainly to ionization, whereas reaction with argon
metastables leads to dissociation [23]. The comparison of O
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Figure 1. The dielectric barrier discharge atomizer.

concentration in an Ar and He DBD is, therefore, also men-
tioned in the presented work. In addition, the knowledge of
atomic oxygen concentration in DBD discharges is important
for understanding the processes in ozone generation, since the
main Oz production channel is the reaction O, +O+M —
O3 + M and O atoms also contribute to the ozone destruction
by the reaction O; + O +M — 20, + M [25].

2. Experimental and computational techniques

2.1. Discharge configuration

The DBD atomizer setup is described in detail elsewhere [15].
The atomizer (see figure 1) is T-shaped with the rectangular
optical arm in which plasma is sustained (inner dimensions of
the plasma channel 7 mm x 3 mm and length of 75 mm) being
located in the axis of the laser beam. A quartz tube (20 mm long,
2 mm inner diameter, 4 mm outer diameter) was sealed to the
center of the optical arm and served as an inlet arm to supply
mixture of gases (Ar, O,, Hy) into the optical arm. Two copper
electrodes (50 mm long; 12mm wide; 0.15 mm thick) were
placed on the horizontal outer sides of the optical arm and were
supplied with sinusoidal voltage with frequency 24 kHz. If not
explicitly stated otherwise, the electric power delivered to the
DBD system was 25W and the flow rate of argon was
140 sccm. Oxygen and hydrogen, respectively, were introduced
at flow rates of 0—10sccm and of 0-20 sccm. In some experi-
ments, argon was replaced by helium. Gas flow rates were
controlled by mass flow controllers (Omega Engineering, USA).

2.2. Laser setup

Radiation for excitation of atomic oxygen was produced by laser
setup consisting of pumping Nd:YAG laser (Spectra-Physics,
Quanta-Ray PRO-270-30), dye laser (Sirah, Precision Scan) and
a unit for mixing the output radiation from the dye laser
(620 nm) with third harmonics of the Nd:YAG (355nm) in
order to produce the radiation with wavelength 225.6 nm, see
figure 2. This UV radiation was focused to the discharge center.
The laser beam enters and leaves the DBD atomizer through its
open ends. Diaphragms were used to minimize the contact of
scattered laser light with the atomizer walls in order to prevent
photodetachment of electrons from dielectric walls [26, 27] and
fluorescence of walls. The fluorescence radiation was separated
from other plasma emission by an interference filter and col-
lected by the ICCD camera (Princeton Instruments, PI-MAX
1024RB-2-FG-43), which was synchronized with the pumping

Frequency Dye laser
J mixing unit Rhodamine 101 + B
= (226 nm) (620 nm)
N N
24 kHz | Lamp Nd:YAG Q-sw
generator | frig. pump laser [ sync.
- (532 + 355 nm)
HV
transformer Power|
meter
Positive  Diaphragm ) l
spherical Of;_)ltlcal
lens fiter
ICCD
camera

Figure 2. Experimental setup.

laser. Only fluorescence originating from the central part of the
atomizer (few millimeters around the center) was used for eva-
luation, where the laser radiation was focused and the fluores-
cence signal was high. To realize measurements in defined
phases of the discharge period, the pumping Nd:YAG laser was
synchronized with the discharge.

2.8. Model of plasma kinetics

To obtain better insight into the processes in the plasma ato-
mizer, the experimental data were complemented with a 0D
model of the plasma kinetics. The reaction scheme is derived
from the work of Gerasimov and Shatalov [28] which
describes the kinetic mechanism of hydrogen/oxygen com-
bustion with special attention paid to the relatively low gas
temperature region, 7 < 1000 K. This temperature range is
relevant for the atmospheric-pressure DBD since it is estimated
from LIF measurements of rotational temperature of OH
radicals that the gas temperature is around 550 K. At such low
temperature, the oxygen/hydrogen chemistry can certainly not
be initiated by direct thermal dissociation of the molecules
because the activation temperature of thermal dissociation
reactions is in the 10*K range. Also the catalytic reaction,
which initiates the chemistry in low-temperature flames,
H, + O, — 20H [28], will in fact have a negligible rate at
temperatures below 1000 K, meaning that the reaction chem-
istry must be initiated by plasma-specific reactions (electron-
impact collisions or reactions with metastables).

For this reason, we added two lumped electron-impact
dissociation channels into the numerical model, which are
listed in table 1. The rate of these additional reactions are a sum
of various electron-impact excitations of H, and O, into states,
which lead to dissociation of these molecules. For the calcul-
ation of these rates as a function of electron temperature T;, we
used BOLSIG+ [29] software and the electron-impact cross-
sections were taken from IST-Lisbon database [30].

Analysis of the reaction rates shows that, for electron
temperatures 1-2 eV, typical for comparable plasma sources
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Table 1. Electron-impact reactions added to the Gerasimov reaction
scheme [28].

No. Reaction References
Re01 e+ H —e+H0Y)—e + 2H [30]
Re02 e+0;—e+0f—e+20 [30]
where * = (A’SF, C3A,, '}

— 1071

i
mE 10—17 //‘,_——"'—

R

i) /

£1072

3

P 10-% /

[ . Re01

10 | Re02
1 2 3 4 5 6

Electron temperature, Te [eV]

[31], the most important dissociation channel for H, is its
excitation to b3% state with the energy of 8.9 eV [32] followed
by the dissociation. Other dissociation channels, such as ioniz-
ation of H, and subsequent dissociative recombination (15.4 eV)
or dissociative excitation e + H, — ¢ + H + H(n > 1) have
reaction rates several orders of magnitude lower (in the range of
1. = 0.5-2.5 eV) and can, therefore, be safely excluded. Con-
cerning dissociation of molecular oxygen, again only the most
prominent dissociation channels were considered, with inter-
mediate excited species with the energy around 6eV. The
remaining reactions which involve the reactive species produced
from O, and H, were taken from [28] and their rates can be
found in the referenced publication.

The OD model of kinetics eventually solves the balance
equations for eight species: H,, O,, H,O, H, O, OH, HO,, H,0,.
In DBD plasma atomizers, the plasma is filamentary with the
filaments moving stochastically. Considering that even a simu-
lation of a single DBD filament, let alone many of them, is very
challenging and from the application perspective, only the pro-
duction of active species (H, O, OH) is important, we decided to
keep the electron density n. and temperature 7; as model para-
meters. Since the gas in the plasma chamber travels only the
distance of approx. 50 um during one voltage cycle, it is rea-
sonable to describe the plasma as quasi-homogeneous with 7,
and T; being the ‘effective’ electron density and temperature. By
sensitivity analysis, it was discovered that the model provides
atomic oxygen densities within the same range as the experiment
if the effective electron density of n,= 10" m3) and the
effective electron temperature of 7, = 1.2 eV are used. Such
values are reasonable for this class of plasmas, as discussed
above.

To compare the model with the experiment, we averaged
the number density of atomic oxygen in the range of
t € (0, 30) ms, where r = 0 is the time when the electron
density is ramped up in the simulation. This time interval for
averaging was chosen because in the TALIF experiment, the

TALIF of O
r2 &

-50 0 50
wavenumberhn_ﬁ

0—150 -100

Figure 3. Spectral profile of the two-photon transition 2p* *P, —
p 120 fitted by a sum of three Voigt profiles. The relative intensities
of the three lines were taken from [8], their relative positions

from [37].

signal is collected from a line of a few milimeters close to the
gas inlet. If we consider plug flow in the atomizer chamber,
the gas travels approximately 2 mm in each direction during
the 30 ms time.

3. Measurements and results

3.1. Method of TALIF measurement of atomic oxygen
concentration

The fluorescence signal used for determination of atomic
oxygen concentration represents data integrated temporally
(over the whole laser pulse and the following period of
fluorescence decay), spatially (over central area of the ato-
mizer) and spectrally (over the whole profile of the absorption
line). Oxygen atoms were excited from the ground state 2p*
3P2,1,0 to the radiative state 3p 3P1,2,0. Since both these states
are triplets, there are seven allowed two-photon transitions
between these states [1, 8]. In most of the measurements, the
transitions only from the lowest 2p* *P, level were used.
Therefore, it was necessary to measure the ratio between
numbers of atoms in all three 2p4 3P2,1,0 levels and in the
lowest level 2p* P, only. By means of successive excitation
from all three 2p* P, levels, this ratio was found to
be 1.65, which is in reasonable agreement with gas rotational
temperature 550 K measured by LIF of hydroxyl (OH) radi-
cals (the rotational temperature was measured by excitation of
hydroxyl radicals from various rotational levels of the ground
vibronic state and measurement of the following hydroxyl
fluorescence intensity, which is proportional to the hydroxyl
concentration in the observed rotational level). The three used
transitions 2p4 3P2 — 3p 3P1,2,0 overlap, as can be seen in the
figure 3. Since fluorescence signal spectrally integrated over
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Figure 4. Dependence of fluorescence signal on second power of
energy of laser pulses together with its fit by equation (4).

the whole absorption line must be used for calculation of
atomic oxygen concentration, the ratio between this spectrally
integrated fluorescence signal and the fluorescence signal
measured with laser wavelength tuned only to the peak of the
absorption line was measured prior to other measurements.
Afterwards, it was possible to realize only measurements with
laser tuned to the peak of the absorption line, which made the
measurements substantially faster.

Fluorescence radiation of atomic oxygen transitions 3p
P10 — 3s S at 845 nm was detected by the ICCD camera.
Before the measured fluorescence signal was used for calc-
ulation of atomic oxygen concentration, the presence of
defective pixels in the ICCD camera was tested (and the
signal of eventual rare defective pixels was corrected) and a
signal measured with laser switched off was subtracted in
order to subtract the spontaneous discharge radiation and dark
signal of the camera. It was checked that signal measured
with laser switched on but with laser wavelength detuned
from the absorption line of atomic oxygen was identical to the
signal measured with laser switched off, which shows that
neither fluorescence of walls disrupts the measurements, nor
is the discharge influenced by laser pulses [27]. The fluores-
cence signal was temporally integrated over the whole laser
pulse and following tens of nanoseconds and accumulated
over typically 100-1000 laser shots.

For laser pulse energies higher than ca 400 pJ a fluor-
escence signal was observed even when the discharge was
switched off, demonstrating that at high laser energies, pho-
todissociation of molecular oxygen occurs. The intensity of
this parasitic signal was proportional to the third power of
laser pulse energy. All presented measurements were realized
at lower laser pulse energies (150-300 pJ) when no fluores-
cence signal was observed for discharge switched off.

Figure 4 shows an example of the dependence of the
fluorescence signal on laser pulse energy. For very low laser
energies, the TALIF signal is proportional to the second
power of laser energy. However, for such low laser energies,
the signal to noise ratio is poor. Therefore, fluorescence was

measured for higher laser energies when the signal to noise
ratio was enhanced at the cost that parasitic phenomena like
depletion of the ground state, photoionization of the excited
state or amplified spontaneous emission may occur. In order
to quantify the effect of these phenomena, the dependence of
fluorescence signal on laser energy was fitted by

2
ok}

=27 4
1 + BE? @

where F is the measured signal, oE7 would be the hypothe-
tical signal that would be detected if no parasitic phenomena
occurred and the constant 3 describes the effect of the para-
sitic phenomena. The equation (4) is an analogy to the
formula F = aE; /(1 + BE;) that was derived for the case of
a single-photon LIF [27], where the coefficient 3 describes
the effects of ground state depletion and stimulated emission.
In the case of TALIF, the exact physical meaning of the
coefficient G has never been derived. The use of the form-
ula (4) is justified by the fact that it fits well to the measured
F (E;) dependencies. For evaluation of the measured data,
the signal intensity with a correction of saturation effects
F (1 + BE?) was used. For laser energy 150 uJ and 300 pJ
the corrections made were 15% and 65%, respectively.

For quantitative treatment of TALIF measurement rea-
lized at atmospheric pressure it is necessary to know the
quenching rate of excited 3p °P state of atomic oxygen. In
principle, the quenching rate can be obtained from measure-
ment of the fluorescence decay time after the end of the laser
pulse. Unfortunately, the fluorescence decay times in the used
gas mixtures at atmospheric pressure are short (around 1 ns).
As a result, the decay time measurement was encumbered
with a high uncertainty. Therefore, quenching rate constants
from the literature [1] were used for calculation of the fluor-
escence decay time. Since the quenching rate of reactant gases
(0,, Hy) differs from quenching rate of the reaction products,
quantitative evaluation of TALIF measurements was realized
only in the region close to the inlet of gases (up to 2 mm from
the atomizer center), where the gases had no time to react and
the composition of the gas mixture is known. This hypothesis
was verified by the measurement of concentration of atomic
hydrogen and simulation of the discharge chemistry in the
same DBD atomizer [19]. In order to verify the calculated
decay times, the fluorescence decay was measured for several
compositions of the gas mixture. Since the fluorescence signal
decreases quickly already when the laser pulse is not extin-
guished totally, the following numerical procedure was used:
The temporal profile of the laser pulse was measured by the
ICCD camera by detection of Rayleigh scattering of laser
photons on ambient air. Since with no saturation the measured
fluorescence intensity F(f) is the convolution of the square of
the measured temporal laser profile L(f) with an exponential
decay

t it
F(t) = C E? f L) e 7 dr, )

where 7 is the fluorescence decay time, integral of L was
normalized to unity and C is a constant, this convolution was
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fitted to the measured temporal profile of fluorescence decay
in order to find the fluorescence decay time 7. In order to
avoid any saturation effects, the equation (5) was fitted only
to the tail of the fluorescence pulse. The obtained decay times
were in reasonable agreement with their predictions calcu-
lated from the decay-rates taken from the literature: the mean
difference was 8% and the confidence intervals of the mea-
sured and literature-based life-times coincided. This result
supports the assumption that neither chemical reactions in the
reactor center nor the three-body collisions have significant
influence on the life-time of excited oxygen atoms.

Finally, the sensitivity of the setup was calibrated by
measurement of TALIF of xenon with known concentration
Nx., that was excited by two-photon absorption of 224 nm
radiation to the 6p/[3/2], state [1, 2], and the concentration of
atomic oxygen N was calculated by

So Ef xe ( Vo )2
VXe

No = ro Nxe o
Xe EL,O

TA
OXe AXe TXe TXe CXe

(6)

s
O'EA Ao TO0 To Co

where 1o is the ratio between concentrations of atomic oxygen
in all three 2p4 3Pz,1,o levels and in the lowest 2p4 3p, level, §
are temporally, spatially and spectrally integrated fluorescence
signals with the correction of saturation effects, Ez are mean
values of square laser-pulse energies, v are frequencies of laser
photons, oA are cross sections for two-photon absorption, A
are Einstein coefficients of spontaneous emission from the
excited states, 7 are life-times of excited states (fluorescence
decay times), T are transmissions of interference filters and C
are quantum efficiencies of the ICCD camera for the wave-
length of the fluorescence. Indexes ‘O’ and ‘Xe’ differentiate
between quantities related to atomic oxygen and to xenon,
respectively. The ratio J?{e\ / J(T)A =19 £ 20% was taken
from [1] and Ax./ Ao = 0.9001 was taken from [2].

3.2. Three-body collisions of excited xenon

The calibration was performed at atmospheric pressure
directly in the atomizer without need of an implementation of
a vacuum vessel and a risk of consequent change of optical
path. Due to the high price of xenon, a mixture of argon and
xenon (100:1) was used. Similarly to the case of oxygen, the
decay time of excited xenon is too short to be measured
directly. Quenching rates of excited xenon 6p[3/2], by two-
body collisions with argon or xenon were published in
[1, 2, 33]. However, significant role of three-body collisions
was reported both in a pure xenon [34] and in a mixture of
He + Xe [2]. Therefore, influence of three-body collisions in
the used Ar + Xe mixture should be examined.
The lifetime of the excited state satisfies the equation
1
1

-, @)
T_o + G p + cap

T =

where p is the gas pressure and constants ¢, and c; determine
the impact of two-body and three-body collisions, respec-
tively. As the fluorescence signal S is directly proportional to
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Figure 5. Broadening of the Xe absorption line in mixture of argon
and xenon (100:1) for various pressures.
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Figure 6. Dependence of FWHM of xenon absorption line on
pressure of a mixture of argon and xenon.

the concentration of xenon atoms (i.e. to pressure) and life-
time 7, we can write

bl oLl yap ke (®)
S ™ ™
The influence of three-body collisions can be examined by
comparing of the linear and quadratic part of measured
dependence of the ratio p/S on pressure.

Such an experiment was performed in a vacuum vessel
with a mixture of Ar and Xe supplied in the flow-rate ratio
100:1. Since the broadening of absorption lines depends on
pressure, the spectral profiles of the absorption line of xenon
atoms were measured for the pressure range 10°-10° Pa. A
sample of four selected measurements is shown in the
figure 5. The absorption lines were fitted by Voigt profile and
their full widths at half maximum (FWHM) were determined.
Dependence of Voigt FWHM and its Gaussian and Lor-
entzian parts on pressure is presented in the figure 6 and
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Figure 7. Ratio of pressure of a mixture of argon and xenon and
spectrally integrated fluorescence intensity depending on the
pressure.

demonstrates a linear increase of the Lorentzian width with
pressure. In order to compare the measured data with the
equation (8), the ratio of pressure and the intensity integrated
over the absorption line is plotted as a function of pressure in
the figure 7 by red x-signs and reveals a linear dependence.

To validate this result with a faster measurement (in order
to minimize e.g. the temporal drift of spatial laser profile), a
second experiment was performed: the gas pressure was
continuously being increased with Ar—Xe mixture flowing
into the chamber and simultaneously the fluorescence inten-
sity in the center of absorption line was measured. By means
of known pressure dependence of spectral profiles measured
in the previous experiment, the signals were transformed to
spectrally integrated intensities. The resulting intensities, in
ratio p/S, are presented in the figure 7 by blue plus signs.

In both experiments, the dependence can be considered
as linear, proving a negligible role of three-body collisions in
excited xenon quenching. As a result, for evaluation of the
excited xenon decay time Tx., two-body quenching para-
meters from [2] were used with no need to take the three-body
collisions into account.

3.3. Atomic oxygen in the DBD

For initial measurements it was convenient to keep the
atmosphere in the DBD atomizer as simple as possible.
Therefore Ar atmosphere was chosen. To make the mea-
surements of atomic oxygen concentrations meaningful the
inlet O, concentration must be known. However, O, content
in the ‘pure’ Ar supplied to the atomizer is unknown mainly
because of its diffusion from the ambient atmosphere through
tubings and connection elements. Therefore a well defined O,
flow was introduced to the atomizer not to exceed 0.1 molar
fraction.

Since the laser system was synchronized with the AC
voltage generator, it was possible to measure the temporal
development of atomic oxygen concentration during the dis-
charge period (42 us). It was observed that whereas the active
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Figure 8. Relative TALIF signal of atomic oxygen during a discharge
period (42 ps). Measured in a mixture of Ar (140 sccm) and O,
(1.5 sccm).
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Figure 9. Dependence of atomic oxygen concentration on electric
power delivered to the DBD system. Measured in mixture of Ar
(140 sccm) and O, (2 sccm).

discharge is ignited only in two short pulses in each period,
the atomic oxygen concentration in the Ar + O, mixture does
not vary during the period, which is demonstrated in the
figure 8. In all the following measurements, the synchroni-
zation between the voltage generator and laser was used so
that laser shots were set to the part of discharge period when
the electric field was low. This setting minimized the back-
ground discharge radiation and minimized the risk of dis-
charge disturbance by laser [27]—the laser shots were not
able to ignite a discharge pulse when the electric field
was low.

Figure 9 shows the dependence of atomic oxygen con-
centration on electric power delivered to the DBD system. For
delivered power below 7 W the filamentary nature of the dis-
charge was clearly visible by naked eyes and the density of
filaments increased with increasing power. In this range of
powers the atomic oxygen density strongly depended on
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Figure 10. Atomic oxygen concentration for various compositions of
the Ar + O, feed gas mixture. The oxygen flow rate was constant
and the argon flow rate was varied. Two sets of measurements with
oxygen flow rate 1 sccm (x) and 2 sccm (+) are shown.

delivered power. In the power range 7-8 W the discharge filled
the whole reactor volume and from this point the plasma
appeared to be macroscopically homogeneous. Above this
point the increase of delivered power caused only relatively
small increase of atomic oxygen concentration. It should be
highlighted that the optimum performance of an identical DBD
atomizer used for analytical applications (hydride atomization)
was achieved when the delivered power exceeded 10 W
[15, 16]. Depending on the element to be determined (Se, Bi,
As, Pb, Sb) the optimum power delivered to the DBD was
within the range 14-30 W. The power of 25 W yields oxygen
atom concentration No = 1.3 x 102! m™ (figure 9).

Figure 10 shows that oxygen atom concentration follows
well the square root of total oxygen concentration in the
atomizer. Consequently, it is convenient to estimate the value
of the oxygen dissociation constant

_lor
[02]

which presents a suitable quantity for expression of the
efficiency of the given configuration of DBD plasma to break O,
molecules. Taking into account the actual temperature of 550 K
in the DBD atomizer for the applied electric power of 25 W and
concentrations of atomic oxygen and of supplied molecular
oxygen shown in figures 9 and 10, the value of the oxygen
dissociation constant can be estimated as 7 x 108 m™,

O atom concentrations shown in figures 9 and 10 could be
related to atomic oxygen concentration in other atmospheric
pressure plasma sources: in helium RF plasma jets concentration
10*'-10*2 m > was found [3-5]. In helium MW jet and in a
nanosecond pulsed discharge in air, respectively, atomic oxygen
concentration of 102 m > [2] and 10**m™> [6] were deter-
mined. The dissociation degrees of over 50% and 7%, respec-
tively, reported in [2, 6] make possible to estimate corresponding
oxygen dissociation constants as 5 x 102! m> and 7 x 102
m >, i.e. three and four orders of magnitude higher than in the
DBD atomizer. The unusually high O concentration in the
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Figure 11. Atomic oxygen concentration as a function of oxygen
flow rate for a mixture of Ar (140 sccm) + O, (red and green) and a
mixture of Ar (140 sccm), H, (15 sccm) and O, (blue).

nanosecond pulsed discharge ignited in preheated (1000 K) air
was explained by O, dissociation due to reactions with nitrogen
metastables, that are not present in a significant amount in ato-
mizers. This indicates that MW discharge could be potential
atomizers for AAS. Nonmonotone response of O concentration
on the amount of oxygen admixed to the He flow was observed
in some of RF [24] and MW [2] plasma jets with a decrease of O
concentration for O, admixtures higher than ca 1%, as a result of
discharge extinction caused by high amounts of oxygen. On the
contrary, the presented measurement realized in Ar+ O,(4 Hy)
DBD reveals monotone increase of O with O, admixture even
for 10% of O,.

Even though the O atom population formed in the DBD
atomizer is much lower than in the above mentioned MW jet
or in the nanosecond pulsed discharge it is two to three orders
of magnitude higher than analyte concentration in the
atomizer under analytical conditions which is in the order of
10 m3 [16]. The O atom excess over analyte should be
therefore sufficient for a complete hydride atomization.

Behavior of atomic oxygen was significantly changed
when hydrogen was added to the Ar-+ O, mixture, thus
mimicking the discharge gas composition in real hydride
generator system with DBD atomizer and on-line atomization.
Addition of hydrogen (1-15sccm) led to the reduction of
atomic oxygen concentration by a factor 5-10. An example of
atomic oxygen reduction is shown in the figure 11. The
dependence of atomic oxygen concentration on oxygen par-
tial pressure was different in the presence of hydrogen and did
not reveal the square root dependence. This indicates that O
radicals are removed by reactions with hydrogen containing
species as will be discussed by means of the numerical model
in the forthcoming text.

Chemical reactions in the Ar-H,—O, mixture were
investigated by means of numerical simulation. The figure 12
demonstrates that the model is capable of reproducing the
experimental concentrations of the atomic oxygen radical
(compare to figure 11) with the same values of n. and T; as in
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Figure 12. Atomic oxygen concentration in the atomizer center as a
function of O, flow rate. Calculated for Ar flow rate 140 sccm and
H, flow rates 0.15 and 15 sccm.
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Figure 13. Concentration of reactive species in the atomizer center as
a function of O, flow rate. Calculated for Ar flow rate 140 sccm and
H, flow rate 15 sccm.

[19]. It should be stated that in the ‘pure’ oxygen case,
0.15 scem of H, impurity had to be included in the calculation
(corresponding to 0.1 volume %) in order to reproduce the
experimental profile. This can be explained as a consequence
of either hydrogen leaking through the flow meter or due to
water desorbing from the tubing or reactor walls.

The figure 13 depicts the concentration of main reactive
species in the Ar—H,—O, mixture for typical conditions used
for analyte preconcentration, i.e. for Ar flow rate 140 sccm
and H, flow rate 15 sccm and variable O, content. Besides
others, the figure demonstrates that for O, flow rate above
1.5 sccm, i.e. even when the O, flow is significantly smaller
than the stoichiometric flow with respect to water (7.5 sccm),
there is an excess of atomic oxygen radicals over atomic
hydrogen radicals in the atomizer center, i.e. at the beginning
of the reaction zone.

These results from the model can be compared to those
observed in real HG-AAS experiments with analyte hydride

preconcentration in the DBD, in which 1.5-6 sccm O, is added
to the Ar—H, mixture. The amount of oxygen required for
maximum analyte hydride retention, is analyte-dependent. To
reach complete signal suppression in the on-line atomization
mode, ie. to achieve complete analyte preconcentration,
1.5 sccm of O, has to be admixed in the case of Sb as analyte
[35], whereas 3 sccm of O, are required for Bi [15] and Se
(unpublished data) as analytes and even 6—7 sccm of O, has to
be added for efficient retention of As hydride [17]. Addition of
7 sccm of O, to the Ar plasma was employed in a detailed
study of in situ trapping of arsenic hydride in the optical arm of
the DBD atomizer. Complete analyte release and atomization
was reached as soon as oxygen was switched off. Pre-
concentration efficiency of 100% was observed allowing to
decrease the As detection limit to 0.01 ngml™' employing
300 s preconcentration period [17].

Although the exact mechanism of analyte hydride pre-
concentration in the DBD remains unknown, it must be stated,
that the model helps to gain insights into the processes in the
plasma. Regardless of the analyte to be preconcentrated, the
required O, supply rates of 1.5-7 sccm lie in the region, where
O concentration in the DBD is higher (see figure 13) than
concentrations of both H as well as analyte. Conversion of
analyte hydride to another chemical form, most probably
elementary metal or analyte oxide, which are deposited at the
inner surface of DBD walls, is expected during the first step of
preconcentration procedure under conditions when oxygen is
added. Figure 13 further demonstrates that switching off the flow
of oxygen leads to a strong increase in concentration of H
radicals, which are likely to be responsible for volatilization and
atomization of analyte deposited in the preceding step of the
preconcentration procedure in presence of oxygen. However, the
sketched picture of the preconcentration mechanism requires
validation and completion and the preconcentration problematic
requires further investigation including spatially resolved
measurements of reactive species at relevant conditions.

The model further enables study of dominant creation
and sink pathways of atomic oxygen radicals. In both studied
gas mixtures, the dominant source term of atomic oxygen was
O, dissociation caused by electron impact. The depletion was
controlled by gas-phase reactions, the diffusion to the ato-
mizer walls played a negligible role. In the gas mixture with
only a small amount of hydrogen, the dominant O-depleting
reaction was the ozone formation O +0,+M — O3+ M
followed by the O + OH — O, + H reaction, see figure 14.
The second reaction illustrates how the residual hydrogen
(coming for example from water impurity) influences the
resulting concentration of the O radical. A different situation
occurred in the hydrogen-rich gas mixture, where the atomic
oxygen depletion was controlled mainly by the reaction
O+ HO, - OH+ O, followed by reactions O+ OH —
02+H, O+H2 — OH+H and 0+02+M - 03+M,
see figure 15.

Since DBDs are commonly operated also in helium and
helium is more convenient than argon for cryogenic trap
hydride collection, the concentration of atomic oxygen radi-
cals in helium atmosphere with O, mixtures with these two
gases was also determined: the concentration of atomic
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Figure 14. Dominant reactions of atomic oxygen in the Ar-O,
mixture with admixture of 0.15 sccm of Ho.
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Figure 15. Dominant reactions of atomic oxygen in the Ar—O,
mixture with addition of 15 sccm of H,.

oxygen dropped by a factor of 2-9 indicating that He plasma
is less efficient for O, atomization than Ar plasma. This is in
agreement with the assumption that reaction of He meta-
stables leads mainly to ionization of molecular gases whereas
reaction of Ar metastables produces atomic radicals [23].
However, different concentration and energy distribution of
electrons is expected to play a role as well. The low O con-
centration in He discharge further corresponds well with the
observation that ozone generation is more effective in
Ar + O, discharge than in He + O, discharge [36]. In spite of
the fact that the O concentration in the DBD atomizer drops
when argon is replaced by helium, the O atom excess over
analyte should be sufficient for a complete hydride atomiza-
tion even in helium atmosphere.

In the end, the uncertainty of measured concentrations was
estimated. First, there is some uncertainty of data taken from the
literature: the ratio o / op® is known with uncertainty 20%
[1]. Quenching coefficients taken from various papers usually
differ by less than 5% [1, 10, 11], Einstein coefficients for

spontaneous emission by 10% [2, 37]. Second, the experimental
standard deviation of data obtained in one experiment was
around 2%, which is illustrated by the figure 8. Consequently,
reliability of measured trends seems to be relatively high, which
can be demonstrated also in figures 10 and 11, where two
measurements performed at similar or identical discharge con-
ditions almost overlap. Finally, the most serious differences
were observed between measurements performed at identical
experimental conditions but in different days and analyzed with
different calibration measurements of xenon fluorescence.
These differences varied from 10% to 50%, which was, there-
fore, the most important limit of the accuracy of the absolute O
concentration values.

4. Conclusion

Concentration of atomic oxygen radicals in the plasma of DBD
ignited at atmospheric pressure in mixtures of Ar+ O, or
Ar + H, + O, was measured by TALIF. For calibration of the
fluorescence method, TALIF of xenon was used in a mixture of
argon and a percent of xenon at atmospheric pressure. Advan-
tageously, this calibration procedure was performed directly in
the DBD atomizer without its exchange by any vacuum reactor
and without necessity to place the DBD atomizer into any
vacuum vessel. It was found that three-body collisions do not
have significant effect on Xe* quenching in the used Ar+ Xe
mixture at atmospheric pressure.

Atomic oxygen concentration in the DBD atomizer was in
the order of 10*' m™>, the oxygen dissociation degree varied in
the range 0.001-0.01. Atomic oxygen concentration in the
Ar+ O, mixture was constant during the whole discharge
period (42 ps) demonstrating that life-time of oxygen radicals
is much longer. The measured concentration did not depend
strongly on electric power delivered to the discharge if the
power was sufficiently high and the visible discharge filled the
whole reactor volume. Only at very low power when the dis-
charge occupied only parts of the reactor, the atomic oxygen
concentration strongly decreased with decreasing power.

The concentration of oxygen radicals dropped by an
order of magnitude when hydrogen was added to the gas
mixture. However, for O, flow rates higher than 10% of H,
flow, i.e. even at strongly substoichiometric amount of O, the
O concentration at the inlet of gases was higher than
the calculated H concentration, which demonstrates that at the
beginning of the reaction zone plasma can have oxidative
character even in an excess of molecular hydrogen. This is in
agreement with fundamental change of analyte behavior in
the HG-AAS preconcentration experiments when sufficient
substoichiometric amount of O, is admixed to the Ar-H,
flow. The atomic oxygen concentration was also decreased
when argon was replaced by helium.
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