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Abstract

In this work, various aspects of fundamental phg/siad chemistry of molecular gas
discharges are presented with emphasis on thexati@n between species, activated by low-
pressure plasmas, and surfaces. As already knomergstic effects of multiple plasma-
generated species are responsible for surface iwatibh. However, due to the large number
of internal parameters of a discharge and the cexnplasma processes the identification of
correlations between plasma characteristics anddffects on surfaces are complicated.

Therefore, the aim of this thesis is to improve tinelerstanding of several phenomena
associated with plasma—surface interactions by mmeasor calculating fundamental kinetic,
transport or spectroscopic data needed to interpegisurements and hereby, to support some
future applications of plasmas.

On the basis of these issu@s;situ observation of chemical processes occurring at
active screen plasma nitriding (ASPN) has beenopmsd. For the monitoring of excited
species and stable plasma products a quadruple spesdrometer (QMS) was applied
combined with tunable diode laser absorption specbpy (TDLAS) diagnostics. The
temporal dependencies of concentrations of sevaoécular species were monitored and
found to be in the range of f0to 13° molecules cii. Moreover, profound knowledge of
related process conditions such as gas ratio, psoegmperature, and bias activation power
has been achieved. The results of the performedumements showed a qualitatively good
agreement with the kinetics reported in the literatand thus, prove the applicability of the
implemented approach for monitoring of nitriding chanisms at certain process conditions
in the ASPN.

The following chapter thematizes dusty plasmas kileichibit interesting aspects, not
only from the view of astrophysics but also for @pplication in the laboratory. Even

relatively low concentrations of dust particlespiasmas can initiate novel dynamics due to
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their collective interactions. For a better undammging of these effects, chemical phenomena
in hydrocarbon-containing Ar/He dusty plasmas hbagen studied combining TDLAS and
Fourier transform infrared (FTIR) spectroscopy teghes. The experiments were done in a
RF capacitively coupled (cc) parallel plate reacfor 13.56 MHz. Using TDLAS, the
temporal evolution of ¢H,, C;Hs, CH;, CHs, CO, and C@ concentrations were measured
whereas the formation of dust particles was simelbasly monitored by FTIR. The
concentrations of all hydrocarbon species were doto be strongly correlated with the
dynamic of the dust formation. The values of thiewated fragmentation of the precursor
molecules and of the conversion rates of the prediutydrocarbons were in a comparable
order of magnitude as those in surface wave digelsaand in planar microwave (MW)

plasmas.

The investigation of surface processes cannot bee deithout knowledge of the
surrounding gas phase and plasma chemistry. Eveheirfirst milliseconds after ignition,
plasma can have an impact on the chemistry of tleme and therefore, influence the
species interacting with the surface. Since quantastade lasers (QCL) are commercially
available, the application of infrared laser absorp spectroscopy (IR-LAS) for
measurements with the time resolution down to ali®@@ns has become feasible and can
open up new possibilities for highly sensitive aswlectivein-situ diagnostic of several

molecular species.

Owing to the performance of this technique, a nesthod for the determination of the

wall de-excitation probability, —of vibrationally excited Mhas been proposed. Based on the

idea of titrating vibrationally excited Nby a small admixture of infrared (IR) active
molecules — gas mixtures containing small amounitrafting gas (CQ in N, at low pressure
were excited by a few millisecond long DC dischamdése. Using a 3-channel QCL
spectrometer, TRIPLE Q, dedicated to time resolueditu gas sensing, the relaxation
kinetics of titrating molecules was followed in tagerglow phase. Afterwards, a vibrational
kinetics model of the NCO, system was developed. The agreement between ttel rand
the experiment allowed the calculation of the vatighe N(v= 1) relaxation probability,
which was found to be 1.1 x Edor silica and Pyrex, 9 x 10for smooth TiQ surfaces, and
4 x 10” for sol-gel films impregnated with Ti(particles. It was established that for catalytic
materials the relaxation probability of the firsbrational level of nitrogery; depends on the
pre-treatment of the surface and on the appliedtitig gas. Consequently, the probability

of N»(v) surface losses can be directly assumed from #asuored relaxation curves.



Abstract 13

Apart from traditional technical plasma applicagothe use of electric discharges is a
promising technique for toxic gas removal, espgciahen these gases are present at low
concentrations. In spite of increasing number gégtigations, the selectivity of the reaction
products and energy efficiency are remaining alehgeé. On the example of,&d, and CO

the reactivity of plasma treated photo-catalyti®.Isurfaces for their oxidation was studied.

A TiO,-coated Pyrex discharge tube was exposed to logspre RF plasmas using,O
Ar or N, (f=13.56 MHz,p= 0.53 mbar,P= 17 W) and additionally has been stimulated by
heating and UV radiation treatment. The temporakettgment of the concentrations of the
precursor gases,H, or CO and of possible higher molecular reactioodpcts has been
monitored using QCLAS and MS techniques. It hasnbgleown, that undeRF oxygen
plasma treatment, reactive oxygen species coulgrafted onto the surface of TiGnd
further, that their reactivity depends on the riegcimolecules. The reactive adsorption of
C,H; molecules on the inner surface of the tube reatims showed a density of
about 7.5x 10" C,H, molecules ci, howeverno adsorption phenomena for CO could be
monitored. Studying the /8, oxidation in a post-treatment phase stimulatiorhbgting or
UV radiation confirms that the reaction @+ CHy)tio2 produces some adsorbed
intermediates. Therefore, the analysis of performedsurements provides information about
plasma surface stimulation, molecular adsorptiorocgsses, and surface chemistry

phenomena.

Nowadays industrial used plasmas are consistingoofplex gas mixtures. Their
investigation often requires the simultaneous mi@iion about a variety of reaction products.
Using external cavity quantum cascade lasers (ECsRGhe tunability over much broader
spectral ranges than with a typical lead salt &sm®r distributed feedback QCLs can be
achieved. Based on their internal properties, lagtput power, intrinsic narrow line width
and wide spectral tunability, EC-QCLs have a higheptial for applications for plasma
diagnostic purposes. In the framework of this thessveral EC-QCLs operating between
1300 and 2250 cth (4.42 — 7.66um) have been used for the analysis of physical and
chemical phenomena in Ar{fCH,; MW plasma. Furthermore, in a pure He/Ar MW disgear
the wavelength modulation spectroscopy (WMS) temimi has been applied for high
sensitivity detection of transient plasma specigsally, using IR-LAS based on a cw EC-
QCL arrangement the evolution of the six stableanwles, CH, C:H,, CH,4, H,O, HCN, and
HNO3, has been simultaneously monitored in Ar and ArlRF discharges containing

aluminium tri-isopropoxide (ATI).
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Kurzfassung

Im Rahmen der vorliegenden Arbeit wurden sowohlisgtalische als auch chemische
Aspekte von molekularen Entladungen untersucht. Sdenzentriert sich auf
Umwandlungsprozessen von verschiedenen Speziedudib Niederdruckplasmen aktiviert
und von der Oberflache katalysiert werden. Es ligemein bekannt, dass synergistische
Effekte von mehreren, im Plasma entstandenen Spdiredie Oberflachenmodifikation
zustandig sind. Allerdings ist die Anzahl von imen Parametern einer Entladung so hoch
und die Effekte sind generell so kompliziert, dasgar die Identifizierung der Verbindung
zwischen Eigenschaften des Plasmas und deren Auswien auf die Oberflachen sehr

aufwendig ist.

In diesem Zusammenhang das Verstdndnis von vedssiea, durch Plasma-
Oberflachen-Wechselwirkungen auftretenden Phanomeneverbessern, war das Hauptziel
dieser Dissertation. Um eine bessere Einsicht zmdglichen werden grundlegende
kinetische-, spektroskopische- oder Transportdateerpretiert. Dadurch kénnen auch

mehrere verschiedene Anwendungsmaglichkeiten vasnin unterstitzt werden.

Auf Grund dieser Problemstellung wurden die chehesc Prozesse, die beim
Plasmanitrieren mit einem Aktivgitter (ASPN) steitfen, in-situ beobachtet. Die
Kombination eines Quadrupel-Massenspektrometers SQMusammen mit einer, auf
Absorptionsspektroskopie mittels durchstimmbarersetdioden basierender Diagnostik
(TDLAS), ist fur das Monitoring der angeregten Spszund stabilen Plasmaprodukte
angewendet worden. Die Konzentrationen verschigdemmlekularer Spezies wurden
verfolgt und im Bereich von 18 bis 13° Molekiile cn® gemessen. AuRRerdem wurde der
Einfluss von Prozessparametern, wie z.B. Mischuadgiltnisse, Temperatur und Bias-
Leistung, untersucht. Die Ergebnisse der durchgefiilMessungen stimmten mit der in der

Literatur aufgefuhrten Kinetik gut Gberein und besga hiermit die Anwendbarkeit des
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implementierten Ansatzes des Monitorings von Nihiechanismen im ASPN bei

veranderten Prozessbedingungen.

Der nachste Aspekt der vorliegenden Studie umfagaubige Plasmen, die
interessantes Gebiet nicht nur aus Sicht der Asyrsig sondern auch fur die Anwendung im
Labor darstellen. Dank ihrer kollektiven Wechsekning kdonnen selbst relativ geringe
Konzentrationen von Staubpartikeln in Plasmen zwereineuen Dynamik fuhren. Zum
besseren Verstandnis dieser Effekte wurden die idloben Phé&nomene in staubigen
Kohlenwasserstoff enthaltenden Ar/He Plasmen mithigigen der TDLAS und der Fourier-
Transformations-Infrarotspektroskopie (FTIR) untetst. Die Experimenten wurden in einem
RF-cc gekoppeltem Parallelplattenreaktd= 13.56 MHz) durchgefihrt. Die zeitliche
Entwicklung der GH,, C;H4, CHgz, CH,;, CO und C@Konzentrationen wurde mittels TDLAS
gemessen und die Staubpartikelbildung wurde miRFdberwacht. Die Konzentrationen aller
Kohlenwasserstoffspezies sind stark mit der Dynamht Staubbildung korreliert. Die
berechnete Fragmentierungsrate des Prekursors umdBitbungsraten der erzeugten
Kohlenwasserstoffe bewegen sich in vergleichbarer6R&nordnung, wie in den

Oberflachenwellenentladungen und planaren Mikreamgllasmen (MW).

Das Verstandnis der Oberflacheneffekte kann nitimeoKenntnis der angrenzenden
Gasphase und der plasmachemischen Prozesse erfSigem in den ersten Millisekunden
nach dem Zinden kénnen Plasmen Auswirkungen auRdaktionschemie des Volumens
haben und damit auch die Wechselwirkung zwischelekataren Spezies mit der Oberflache
beeinflussen. Da seit 10-15 Jahren Quantenkaskas®n(lQCL) im Handel erhaltlich sind, ist
die Anwendung der Infrarotlaser Absorptionsspekinpse (IR-LAS) fir Messungen mit
einer zeitlichen Auflésung von bis zu 100 ns mdgligeworden. Dies er6ffnet neue
Maglichkeiten fir hochempfindliche und selektiwesitu Diagnostik mehrerer molekularer

Spezies.

Aufgrund der Leistungsfahigkeit dieser Technik diese neue Methode fur die
Bestimmung der Wand-Abregung-Wahrscheinlichkeit wsoungsangeregten ,N
vorgeschlagen worden. Bezogen auf die Idee, sclunggpngeregten Ndurch eine kleine
Beimischung von infrarotaktiven Molekilen zu titea — Gasgemische enthaltende geringe
Menge CQ in N, bei niedrigem Druck wurden bei einer kurze gemulBiC-Entladung
angeregt. Ein dreikanaliges QCL-Spektrometer, TERIRQ, wurde fur die zeitaufgeloste
in-situ Diagnostik der Relaxationskinetik der Titrationgfgkile im Afterglow zum Einsatz

gebracht. Danach wurde die Schwingungskinetik desCG®-Systems modelliert.
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Die Ny(v=1) Relaxationswahrscheinlichkeit konnte mit 1.10¢ fiir Siliciumdioxid und
Pyrex, 9 x 18 fiir glatte TiQ Oberflachen und 4 x F0fiir mit TiO,-Partikeln impragnierte
Sol-Gel-Filme bestimmt werden. Die Berechnung olkeagnter Werte war durch den
Vergleich von experimentellen und modellierten Brgesen mdoglich. Wie weiterhin
festgestellt wurde, ist die Relaxationswahrscheinkeit des ersten Vibrationsniveaus von
Stickstoff y; fur katalytische Materialien von der Vorbehandluthgy Oberflache und vom
Titriergas abhangig, wobei die Wahrscheinlichkesh vi\,(v)-Verlusten an der Oberflache
direkt aus den gemessenen Relaxationskurven bestirarden kann.

Neben einer Vielzahl von klassisch technischenrRé@amwendungen ist der Einsatz
elektrischer Entladungen fir die Beseitigung voridchen Gasen eine vielversprechende
Technik, insbesondere, wenn diese Gase in niedKgezentrationen vorliege®bwohl die
Anzahl an Untersuchungen der Stoffwandlung in @¢ztén Zeit stetig zugenommen hat,
stellt deren Energieeffizienz und Selektivitat deeaktionsprodukte eine bedeutsame
Herausforderung dar. Motiviert durch diese Herawfoungen wurde die Reaktivitat von
plasmabehandelten photokatalytischen JJ@berflachen fur gH,- und CO-Oxidation

untersucht.

Die Innenseite eines mit Tgbeschichteten Entladungsrohres aus Pyrex war einem

RF Niederdruckplasma in Ar und N (f=13.56 MHz) ausgesetzt und wurde zusatzlich
durch Erwarmen oder UV-Strahlung stimuliert. Diatlhe Entwicklung der Konzentration
der Prekursorgase B, oder CO und moéglicher hoherer molekularer Reakpoodukte,
wurde mittels QCLAS und MS-Techniken untersucht. wsrde festgestellt, dass unter
Einfluss einer RF-Sauerstoffplasmabehandlung, neal8auerstoffspezies auf der Oberflache
der TiQ, gepfropft werden kdénnen und ihre Reaktivitdt voreakkionsmolekil abhangt.
Wahrend reaktive Adsorption von ,i-Molekilen auf der inneren Oberflache des
Rohrreaktors eine Dichte von etwa 7.5 *?IMolekiilen cn¥ aufwies, konnte keine
Adsorption von CO nachgewiesen werden. Der Stinaraeffekt der gH, Oxidation durch
Erwarmen oder UV-Strahlung hat bestatigt, dass Rieaktion (Ogs+ GH2)tio2 zur
Produktion einiger auf der Oberflache adsorbiefemschenprodukte fuhrt. Die Analyse der
durchgefuhrten Messungen gibt Auskunft Uber diemSl@ation von Oberflachen durch

Plasmen, molekulare Adsorptionsprozesse sowie dobimiPhanomene an den Oberflachen.

Die heutzutage von der Industrie verwendeten Plastestehen aus komplexen
Gasgemischen, deren Untersuchung meist eine geide Kenntnis einer Vielzahl von

Reaktionsprodukten erfordert. Dies kann durch Vedueg von Quantenkaskadenlasern mit
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externer Kavitat (EC-QCL) realisiert werden, dietibinen weitaus breiteren Spektralbereich
durchgestimmt werden konnen, als dies bei typis@iersalzlasern oder QCLs mdglich ist.
Basierend auf den Merkmalen — hohe Ausgangsleisinhgrent schmales Gerateprofil und
breite spektrale Durchstimmbarkeit, haben EC-QCLs enormes Potenzial fir
Anwendungen zum Zwecke der Plasmadiagnostik. Im nfeah dieser Arbeit werden
verschiedene EC-QCLs, die zwischen 1300 und 225b @2 — 7.66im) emittieren, fiir
die Analyse von physikalischen oder chemischen &mnénen in Ar/NCH; MW Plasmen
verwendet.  Weiterhin  wird eine  spektroskopische hhdc basierend auf
Wellenlangenmodulation (WMS) in einer reinen HeMW Entladung fur hochempfindliche
Detektion transienter Plasmaspezies angewendeterNeler Untersuchung der bereits
erwahnten Plasmen, wird ein EC-QCL fir ein gleidtiges Monitoring von sechs stabilen
Molekilen (CHg, CHz, CHa, HO, HCN und HNQ) in Ar sowie Ar/N RF Entladungen, mit
enthaltenden Aluminium-tri-isopropoxiden (ATI) esgptzt.



AHHOTAIIMA

B naHHOM AuccepTalimOHHOM MCCIIEIOBAaHUHU MPECTABICHO JeTaJbHOE PACCMOTPEHUE
HEKOTOPBIX aCMEKTOB (PyHAAMEHTAIBHOW (PU3UKH U XMMHUU MOJICKYIISIPHBIX a30BbIX Pa3psI0B.
Ocoboe BHHUMaHue B paboTe OBUIO YACICHO W3YYEHUIO B3aUMOJCHCTBUA MEXKIY
HOBEPXHOCTSMH U YacTHIAMHU (JNEKTPOHAMH, HOHAMH, aTOMaMH, MOJICKYJIaMH, paJKaIaMH U
Ip.), oOpa3yeMbIMH B IUIa3Me€ IPH HU3KOM JaBieHHH. CuHepreTuueckue dSQPQPEKTHl,
BBI3BIBAEMbIE KOMOMHAIIMEH pearupylomux B IUIa3M€ 4YacTHUL, W UX BIUSHUE Ha
MO (UKALNIO TOBEPXHOCTH, PACCMOTPEHBI B Hay4YHOI nuTeparype. OQHAKO, B CBA3H C TEM,
YTO KOJMYECTBO BHYTPEHHHX ITapaMeTPOB Ia30BOTO Pa3psiia BBICOKO, & MPOUCXOAAIINE B HEM
OpoIecchl, Kak MpaBWJIO, JOCTaTOYHO  CIIOKHBI,  OIpEIENICHHE  CBSA3M  MEXIY
XapaKTepUCTUYECKUMH TapaMeTpaMu pas3psla U €ro BIMSHUEM Ha MOBEPXHOCTb YacTo

ObIBaCT 3aTPYAHUTEIBHBIM.

Ilenpto mpencTaBiICHHONW DPAOOTHI SBISETCS HWCCICIOBAHUE SIBIICHWU, CBS3AHHBIX C
MJ1a3MO-TIOBEPXHOCTHBIMH ~ B3aUMOJACHCTBUSAMH  TyTE€M  HM3MEPEHUH H  BBIYUCICHHUI
Q)YHHaMeHTaJIBHBIX KHUHECTHUUYCCKUX, TpaHCHOpTHBIX nu CHCKTpOCKOHI/I‘-IGCKI/IX JAHHBIX,
HGO6XO,Z[I/IMI>IX JUIA I/IHTepHpeTaI_[I/II/I BKCHepI/IMeHTOB 148 CHOCOGCTByIOH_II/IX HOCJ'ICI[YIOH_[I/IM

PUMEHEHHUSM Ta30BbIX Pa3psaoB.

B xome pabGorel ObuTO mpoBemeHO IN-SitU HaOMIONCHHE XHUMHUYCCKUX SIBIICHUIA,
BO3HUKAIOIIUX B MPOIECCE TUIA3MEHHOTO a30TUPOBAHUS CTAJIbHBIX ACTaNlCl C MpUMEHEHUEM
akTHBHOTO ceryaroro 3kpaHa (ASPN).Hcnons3oBanue KBaapymnoIbHOTO MacC-CIIEKTPOMETpa
(QMS) B couetaHur C METOAOM aOCOPOIMOHHOW  CIIEKTPOCKONMM Ha OCHOBE
nepecTpanBacMbIX  JasepHbix  auofoB  (TDLAS) namo  BO3MOXHOCTH  OCYIICCTBHTH
MOHHTOPUHT KakK BO30YXJICHHBIX YAaCTHI], TaK M CTAOWIBHBIX MPOMYKTOB IUIA3MbI, YbH
KOHIIGHTpAIlMK OBbLTH HAWIEeHB B [Uama3oHe OT 10" bie} 10° em3, Kpome Toro, ObLm

MMOJY4YCHBI JC€TAJIBHBIC CBCACHHA O IMPOUCXOAAINIUX IIpoHeccax IIpW HN3MCHCHHHU TaKHUX



20 AHHOTaAIMA

[IapaMeTpoOB, KaK COOTHOILLIEHUE KOHLEHTpAaLMM MCIIOJIb3YEMBIX T'a30B, TEMIIEpaTypa paspsaa
win Hanpspkerne cmenienus (BIAS). Pesynbrarel mpoBeIeHHBIX HCCIIENOBAaHHMIA COTIIACYIOTCS
C OMyOJIMKOBAHHOM paHee KMHETUKOW MPOMUCXOIAIIUX MPOLECCOB U TEM CaMbIM JI0Ka3bIBAIOT
IIPUMEHUMOCTb PEAJIM30BAHHOIO IOAXOAAa K MOHUTOPHHIY MEXaHU3MOB IUIA3MEHHOIO

A30TUPOBAHUSA C MPUMCHCHUCM aKTUBHOI'O CETYATOT'O SKpaHa.

[ToBbIIEHHBIN UHTEPEC K MBUIEBOH TUIa3Me OOYCIIOBIICH €€ PaclpOCTPaHEHHOCTHIO B
cepe acTpodu3HUECKUX HCCIEIOBAaHUM, a TAaKKe MCIOJNb30BAHUEM B KaueCTBE MpeaMeTa
U3y4eHHUs B J1aboparopusx. AKTYaJIbHOCTh JaHHOTO BOMPOCA OMpPENEIsIeTCs] CIOCOOHOCTHIO
MBUIEBBIX YACTHUIIBI B TUIa3Me, JaXKe MPH CPABHUTEIHLHO HU3KHUX KOHIICHTpAIUsX, Omaromaps
WX KOJUICKTMBHBIM B3aUMOJICHCTBUSAM, WHUIIMUPOBATH 0Opa30BaHHME HOBBIX JHHAMHYECKHX
nporieccoB. Jlyist Gosee yrimyOneHHOTO MOHUMAHHUS TPOUCXOMSIIHNX dPPEKTOB XUMHUECKUE
SBJICHHUS TIa3Mbl B Ar wiam He ¢ moGaBieHueM yIieBOIOPOAOB HM3YYIMCh METOJaMU
abcopormonnoit- (TDLAS) u UK-®ypee-ciekrpockonmu  (FTIR). [dns  mpoBeneHus
IKCMEPUMEHTOB MCTIOIB30BAJICS PEAKTOP C MapauIeTbHO PACONOKEHHBIMU METATNYCCKUMU
AIIEKTPOIAMH, TCHEPHUPOBABIIMMH BBICOKOYACTOTHBIA eMKOCTHON paspsan (f= 13.56MI ).
N3menenne xkonneHTpanuu mojekyn CoHo, GHy, CHs, CHy, CO, CQ ¢ TeueHnem BpemMeHHU
OBUTH M3MEPEHO C IMOMOIIbI0 MeToda aO0COPOLMOHHOW CIEKTPOCKOIMH, B TO BpeMs Kak
o0pa3oBaHME 4YACTUI[ MBUIM B paspsae KOHTPOIUPOBAIOCH Dypbe-CIEKTPOMETPOM.
Hcnonp3oBaHue JaHHBIX METOAMK ITO3BOJIMJIIO OMPEIEIUTh CYHIECTBEHHYIO KOPPEISAIUIO
KOHIIGHTpAI[MM BCEX VYIJIEBOJOPOAHBIX YAaCTUL C JUHAMHKONM OOpa3oBaHUS IBLUIH.
Paccunrannple ckopocTH (parMeHTalMM MOJIEKYJBI-IIPEKypcopa, a Takke CKOPOCTh
dbopMUpOBaHUs JPYTUX YIIEBOJOPOIOB COMOCTABUMBI C AHAJIOTHMYHBIMH BEIIMYMHAMH B
noBepxHOCTHBIX CBY paspspax (MW) Ha MOBepXHOCTH IHMANIEKTPUKA WM Ha IUIOCKOW

IJIaCTHUHE.

HccnenoBanne moBepXHOCTHBIX 3(P(PEKTOB HEBO3MOXKHO O€3 MOHWMAaHUs BIUSHUS HA
HUX OKpYXarolei ra3oBoi ¢a3pl COBMECTHO C IJIa3MOXUMUYECKUMHU TporieccaMu. HaunHast ¢
MEPBBIX MIIIUCEKYH][ TIOCNe TEHEepaluH, IUTa3Ma B COCTOSHUU OKa3bIBaTh BIMSIHHE Ha
XUMHUYECKHI COCTaB pearupymoomeid CcMecHu U, CJIelI0BareJbHO, Ha BHUIBl YaCTHUIl
B3aUMOJICHCTBYIONIMX C IOBEPXHOCTHIO. BcliencTBue yBeNMYMBIICHCS B IMOCIEIHEE BpeMs
KOMMEPYECKOW JTOCTYIMHOCTH KBaHTOBO-KackamHbiXx s1azepoB (QCL), mpuMeHeHHe METo0B
nH(ppaKkpacHONH CHEKTPOCKONHH, OCHOBAHHOW Ha TOMIOIIEHWH JIA3e€pHOTO HW3ITyUeHUs
(IR-LAS), cTtamo BO3MOKHBIM ISl TIPOBEACHHS MCCICIOBAHUN C BPEMEHHBIM pa3pericHHEM

npumepHo 1o 100HC, 4TO, B CBOIO OdYepelb, OTKPHIBAET HOBBIC TEPCIICKTUBBI IS
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BBICOKOYYBCTBUTCJIbHBIX U CCJICKTUBHBIX TUATHOCTUUCCKUX I/I3MepeHI/II>'I.

bnaromapst BBICOKOI MPOU3BOJUTENLHOCTH JAHHOTO THIIA JIA3EPOB B X0/1€ paObOThI ObLIT
NPEJIOKEH HOBBIM METOJ ISl ONPENCICHUS BEPOSTHOCTH pEJaKcallid Ha IMOBEPXHOCTH
KoJIe0aTeNnbHO-BO30YKACHHBIX ~ MOJNEKYyT Nz,  OCHOBBIBasiCh Ha HWJeE TUTPOBAHHS
konebarenbHo-Bo30y)AeHHOTO Ny ¢ mpumechto MK-akTHBHBIX MOJEKyN, CMeCh Ta3oB,
copepkamias HeOombinoe koiaumuecTBO CO, B Ny mpu HU3KOM [aBieHUH, BO30yXkaaiach
KOPOTKUM (HECKOJIBKO MUJUTUCEKYH/I) UMITYJIBCHBIM pa3psaoM mocrosaHoro Toka (DC). Ipu
nomomu TRIPLE-Q<nekrpomerpa, 0asupyromerocsi Ha TPUMEHEHUU TPEX HE3aBUCHUMBIX
KBaHTOBO-KAaCKaJHBIX J1a3epoOB, HaOMIOManach KWHETHKa penakcanuu monekyn CO; B dase
nocnecBeyeHus. Takxke B xone paboThl OblIa pa3paboTaHa KonebarenbHas MOJEIb KHHETUKH
cucteMbl No-CO,. CornacoBanue MeXIy MOJEIBIO U OKCIIEPUMEHTOM IMO3BOJIMIIO PaCCUUTATh
3HaueHUs BeposATHOCTH pemakcaiun  Np(v= 1), Haiinennsie paBHbiMH 1.1 X 10° IUIA
KpeMHHeBoil i Pyrexmosepxuocreii, 9 x 10°wms rmaakoii mosepxuoctn TiO; n 4 x 10% s
MOBEPXHOCTH MPOMHUTAHHOW HaHO-uacTHiaMu T10,. B momonHeHne ObLJIO yCTaHOBICHO, YTO
peNaKkcalMoHHAsT BEPOSITHOCTh  TEPBOTO  KONEOATENhbHOTO  YPOBHA  a3zoTa )  JUId
KaTaJJUTUYECKUX MarepuajoB 3aBUCHT OT cHocoba mpenBapuTeNbHOM  00paboTKU
MIOBEPXHOCTH W TPUMEHSEMOTrO Ta3a TUTpoBaHWsA. Kpome Toro, ompeaencHHe BEPOSTHOCTH
notepb Nz(V) Ha MOBEPXHOCTH OKa3ajJoCh BO3MOXHBIM Oiiarogaps MpsSIMOMY aHAU3y

N3MCPCHHBIX PCIAKCAIIMOHHBIX KPHUBBIX.

[ToMuMO TpPagULIMOHHBIX TEXHUYECKUX MPUMEHEHUU IJI1a3Mbl, MCIOJIb30BAHUE
ANEKTPUYECKUX PA3PsIOB IS YAAICHHS TOKCUYHBIX Ta30B SBJSETCA TEPCIEKTHBHBIM
METOJIOM, OCOOEHHO B CIllydasX, KOIJla WX KOHIICHTpalus He3HauuTedbHa. Hecmorps Ha
pactyiiee B MOCIEIHEE BPEMsI YUCIIO HMCCIEOBAaHUN, CEJIEKTUBHOCTh MPOAYKTOB pPEAKIUU

HapsIy C SHEPreTHYECKON IPPEKTUBHOCTHIO OCTAETCS CEPbE3HON MPOOIEMOH.

B nannoit pabore, Ha mpumepe mporecca okucienus CHz m CO, mccnenoBanach
peaKIMoOHHas CHOCOOHOCTh (POTO-KaTaIMTHUIECKOM moBepxHOCTH 1102, 00paboTaHHON B
iazme. J{ist 3Toro B cTeKIsHHOM TpyOke (PYyrex),BHyTpeHHsISI MOBEPXHOCTh KOTOPOH ObLia
nokpeita TiO», 3akurascs BeicokouacToTHbIi paspsa (RF) B razosoii cpene (O2, Ny, Ar) mpu
auskoMm AapineHun (f= 13.56MI'1r). 3aTreM MOBEPXHOCTH JOMOJTHUTEILHO HAarpeBaiach, JIHOO
noJiBeprayiach Bo3aeicTeuo YO-uznyuenus. B nanpueiimem, ucnons3ys T RIPLE-Q-u macc-
CIIEKTPOMETP, MPOBOAMIOCH HAOIIOACHUE U3MEHEHHS KOHIICHTPAIM MOJEKYI-PEKYPCOPOB
CH; mmm CO, a Ttakke MOCIEAYIOIINX MPOAYKTOB pPEAKIMA JaHHBIX MOJEKYT C

MOBEpXHOCThIO. B Xozme mpoBeneHuss SKCIEPUMEHTOB OBLIO TOKa3aHO, YTO paspsa B
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KHCIIOPOJIE MOXET CIIOCOOCTBOBATH OCAXKIACHUIO aKTUBHBIX (DOPM KHCIOpO/ia HAa TTIOBEPXHOCTH
TiO,, a UX peakiMOHHAs CIIOCOOHOCTh 3aBUCUT OT BCTYMAMOIIUX B PEaKIUIO BeliecTB. Tak,
IJIOTHOCTh PEaKTHUBHO-aicopOupoBaHHbIX Mojekyn CpH, Ha BHYTpeHHEH NOBEpXHOCTH
TpyOKH OblIa HaiieHa B pasMepe 7.5 X 102 cM?, omHako BIMSHHE KATATHTHYECKOMH
MOBEPXHOCTH Ha aAcopOuuoHHyl crnocoOHocTh CO He OBUIO  IKCIEPUMEHTATBHO
ycranoBneHo. CrumynupoBanue rmpouecca okucieHuss CpHy, ocymecTBisiiocs myrem
HarpeBaHus ra30pa3psAHON TPYOKkH win ee oomydeHus YP-cBeToM. JlaHHBIE SKCTIEPUMEHTHI
noarBepamtn, uto peakiust (Oagst GH2)tioz mpuBOAMT K 00pa30oBaHUIO HEKOTOPBIX
MPOMEXKYTOYHBIX MPOAYKTOB, aJCOPOMPOBAHHBIX Ha MOBEPXHOCTH. TakuMm oOpa3oM, aHaIU3
NpPOBENEHHBIX H3MEPEeHUH mpenocrapisier uHpopMmauuioo 00 d3¢p¢dekre aKTUBAIUH

MMOBEPXHOCTH IyTeM O0pabOTKH IJIa3MOM, O MOJICKYJIIPHBIX IMpoIeccax aacopOInu, a TaKKe

MPOUCXOAAIINX XUMHUYCCKUX PEAKIUAX HAa ITOBEPXHOCTH.

Hcnonb3yemble B HACTOSIIIEE BPEMS B TPOMBIIIUICHHOCTH BUBI TUIA3MEHHBIX Pa3psioB
94acTO 3a)KUTAIOTCS B CIIOKHO-KOMITOHEHTHBIX Ta30BBIX CMECAX, W IS MX MPAKTHUYECKOTO
NPUMEHEHHUsS] HEOOXOAMMO OJHOBPEMEHHOE IojiydeHHue HHGQOpMauu O pa3iIHuydHbIX
MPOAYKTaX pPEaKIuu. AJBTEpHATUBOW TUIHUYHBIM B CIIEKTPOCKONHUYECKUX HCCIEIOBAHUIX
Ja3epaM Ha OCHOBE COJIeH CBHHIIA MU KBAaHTOBO-KAaCKaTHBIM Jla3epaM C paclpenelieHHOM
0o0paTHOM CBSA3BIO, MOTYT CTaTh KBAaHTOBO-KACKAJHBIE JIa3ephl C BHEIIHUM PE30HATOPOM
(EC-QCL), HacTpoiika KOTOPBIX BO3MOXKHa B TOpa3io OoJjiee ITUPOKOM CHEKTPAIIbHOM
nuamnasone. OOnagaHue TaKUMHM XapaKTEPUCTHUECKHMMH OCOOCHHOCTSIMM KakK BBICOKAs
MOIIHOCTh HW3JIyY€HUs, Y3KUM HMHCTPYMEHTAJIbHBIA MpPOPMIb, a TaKkKe BO3MOXHOCTh
BHYTPEHHEH IIEPEHACTPOMKM Ha IIMPOKOM HHTEpBaJE, OINPENCNIeT BBICOKMM IOTEHLHAI
JAHHBIX JIA3ePOB JJIs UX PUMEHEHHUS B IMarHOCTUYECKUX IIeNIAX. B paMkax mpeacraBieHHON
paboThl  HECKOJIbKO  KBAaHTOBO-KaCKaJHBIX  JIa3€pOB  C  BHEIIHUM  PE30HATOPOM,
nepeHacTpamBaeMbix B juamasone or 1300 mo 2250cm™  (4.42 — 7.66 mxm) Gbuin
UCTIONB30BaHbl JUISl aHanM3a (U3UYECKUX WM XuMudeckux siBieHuid B Ar/No/CHy
MUKpPOBOJIHOBOH 1u1a3Me. KpoMe Toro, CieKTpaabHblii METOA, CIOIB3YIOIINM B CBOE OCHOBE
MOIYJISLIAIO JUTHHBI BOJIHBI (WMS-cniektpockornus), OBLI pUMEHEH TUTS
BBICOKOYYBCTBUTEIILHOTO OOHAPYKEHHSI YACTHUI[ C OYCHb KOPOTKHM MEpUOIoM ku3Hu B He/Ar
CBY paspsage. B 3zakmouenne, EC-QCL Obul ucmonp3oBaH MAJii  OXHOBPEMEHHOTO
orcnexxuBanus dBomormu Monekyn, CHy, CHo, CoHa, HO, HCN, u HNO;3, B BU paspsine,

saxuraeMoM B Ar u Ar/N; atmocdepe ¢ qobaBieHHeM TPUHU30IPOnoKcuaa amoMuuust (ATI).
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1 General Introduction

1.1 Non-equilibrium plasmas

“We shall use the name plasma to describe thismegio

containing balanced charges of ions and electrons.”

Irving Langmuir

Plasma is often called the “fourth state of mattareven the “first state of matter” as
far the most common phase of ordinary matter in dméverse. Plasma is frequently
subdivided into in high- or low-temperature plasmasfurther differentiation relates to
thermal and non-thermal plasmas, or non-equilibrplasmas (see table 1.1). Plasma can be
understood as a weakly to partially ionized gastaiaing a significant number of neutral and
electrically charged constituents, which are irorsr non-equilibrium in the velocity and
energy distributions [1]. While high-temperaturagshas show an equal energy level of all
charged particles, non-equilibrium plasmas are atttarized by a presence of generally hot
electrons (up to tens of eV), whereas the neutaaltgmperature is relatively low (few tenths
of eV). From collisions with neutral molecules tbesglectrons can efficiently create
vibrationally and electronically excited speciesaal as reactive radical fragments, which in
their turn can produce unique structures in the ga@sse and on surfaces. Generated by
electron impact of excited species photons can laaw®re or less strong impact on other
species or the plasma boundaries. In these bowsdaxternally generated electromagnetic
radiation interacts most sufficient with the plasiaerefore, due to these strong gradients,

plasma properties can change dramatically leadiqpdeisma-surface interactions [2-4].



26 Chapter 1

Nowadays exists a variety of methods for produciog-equilibrium plasmas. Divided
into glow, pulsed corona, dielectric barrier, raffiequency and microwave discharges, they
can be generated at laboratory or industrial sfaleAll these discharge plasma sources
attempt to produce non-equilibrium plasmas at lag/well as at atmospheric pressure, which
has a strong influence on the amount of collisictsveen the gas species and their free path
length. In low pressure plasmas due to a fewersoatls a sufficient difference in temperature
between the plasma species can be achieved. Whameasreasing gas pressure entails an
increased efficiency of energy transfer betweenititeracted gas species, which leads to

higher temperature of all species.

Therefore, non-equilibrium plasmas stand under grgwnterest not only as model
systems in basic research, but also in plasma gsogeand technology. They are useful in
the large number of applications important to due,l among them are surface treatment
(coating, etching, cutting, welding) and thin filaeposition, lightning manufacture and
medical applications such as sterilization, bloazhgulation and wound healing [6-8].
Moreover, the approach of combining non-equilibripasmas with catalyst for toxic gas
removal and air pollution control has been a texdinas well as a scientific challenge over
the past decade [9-11]. In addition such plasmag @lpart in supersonic combustion engines

for aerospace engineering and are present in fusextors [12, 13].

Table 1.1: General categories of plasmas.

L ow-temperature Plasma (LTP) High-temperature Plasma
Non-thermal LTP Therma LTP (HTP)
Tionz Tgasz 300K Tez Tionz Tgas Tionz Tez Tgas
Related temperature To.<<T.< 10° K T.<2x 10K T.> 10 - 16 K
Electron density =100 m3 ne>10°° m* ne> 10°° m*
Degree of ionization <1 ~1
Pressure 10— 1 bar > 1 bar
State Homogeneous Filamentary
Example Low-pressure glow Arc pla§ma at Fusion plasmas
discharge atmospheric pressure

The wide application range motivates fundamentalestigations of the plasma
chemistry and kinetics, which requires detailedvideolge of the main plasma parameters
obtained by appropriate diagnostic techniquess lWwell known, that the final goal strongly
depends on a variety of interacting internal patanseof the process discharge such as
species concentration, neutral gas temperaturefrabe density, electron temperature, ion

fluxes and energies, potential distributions ordleetron distribution function. On the other
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hand, the internal parameters of the discharge irdffaenced by externally adjustable
parameters like discharge power, the process gasgdheir pressure, the bias voltages or
externally applied magnetics fields. Furthermoree thscharge geometry has a crucial

influence on the process as well.

While the desired result is strongly depended asehinternal parameters, the final
users are often irresponsible or not familiar ®sth Nowadays, it is no longer possible to run
plasma processes without an understanding of thie balations between them. In this case,
the online monitoring of transient or stable plasmaction products in chemical reactors, in
particular the measurement of their ground stateceotrations is the key to an improved
knowledge of the plasma chemistry and kinetichesé molecular discharges.

1.2 Plasma diagnostic methods

To get better insight in the processes occurringpénplasma many different techniques
are being employed. Although most of them are diyesell established, plasma diagnostics
is still a very challenging discipline [14]. Ideallas much as possible plasma parameters
should be diagnosed simultaneously. The best tgukmeeds to be non-invasive, to obviate
perturbations of the discharge, and allow the ta-approach without the additional extracting
of samples. Furthermore, it should be selectivihéotarget parameter or species and provide
time-resolved measurements by temporal and spasalutions smaller than the typical time
and length of the instabilities. In additional, s to be calibration-free. Because these
properties are not available in a single devicetiogr, often there is a need for multi-channel
diagnostics [15-17].

The study in the field of low-temperature plasmas la long tradition, since in the
beginning of last century the method of electriobg measurements was developed by
Langmuiret al[18]. In general, from the exponential part ofremt-volt characteristics, basic
parameters of the plasma, like the electron denslectron temperature or electron energy
distribution function (EEDF) can be deduced [19:2Hpwever, the technique of probe

measurements belongs to invasive methods andiiedirto the low pressure discharges.

Mass Spectrometry (MS) as well as Gas Chromatogrépl) are often used for the
qualitative and quantitative analysis of the molacpecies with sensitivity down to ppm

[22-24]. These both methods are hard applicabléétection of transient species like radicals
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or ions. Beside, based on an ex-situ sampling agpréhey are showing rather low, in the
range of minutes, temporal resolution. Neverthelassass spectrometer is the most common
tool to be found in the field of plasma diagnostaosd GC is a standard method in the

chemical or pharmaceutical industry.

Optical Emission Spectroscopy (OES), as one of nbe-invasive methods, is an
important tool for fast and accurate analysis @f themical elements at the complete range
from sub-ppm to percentage levels [15, 25-28].ralkvant elements can directly be analyzed
simultaneously. Modern OES spectrometer featuré bectral and time resolution with a
sensitivity near the single photon detection lintitence, the calculation of population
densities requires additional knowledge of the EEDppropriate cross-sections and

transition probabilities with additional instrumahtalibration.

The investigation of plasma physics and chemisyynethods based on traditional
optical absorption spectroscopy (OAS) has becomeg abincreasing interest. Owing to
increasing availability of powerful, tuneable andrnow line width laser, thign-situ
diagnostic can be applicable at a wide spectrajga®AS in the infrared (IR), visible,
vacuum ultraviolet (VUV) and extreme ultraviolet yX) spectral regions can provide
wealthy information of the discharge processes. ddeaments of line intensities, broadening
and shifts can yield valuable information on atonolecule and ion densities in excited and
ground states, as well as about gas, vibratior@glatational temperatures.

With Laser Induced Fluorescence (LIF) transitions iaduced between excited states
of certain ion species. This method yields the rimfation of ground state number densities
with high spatial, up to mm, and good temporathie range of ns, resolution [25, 29, 30]. An
advantage over other OAS techniques is that ibssible to get two- and three-dimensional
images since fluorescence taking place in all tivas. However, only relative concentrations
can be measured by means of LIF. Thereby, to g@&imbsolute concentrations of the species
reliable calibration procedures are required. Campgato OES, LIF is technically more
complicated, but offers rather better spatial netsoh.

In case of Coherent Anti-Stokes Raman ScatteringR®) a multiple photon sheaf
induces molecular vibrations and produces a signalhich the emitted waves are coherent
with one another. This signal can be used to deternmolecular properties like
concentrations, rovibrational population distrilbbas or temperatures. CARS is applicable for
measurements requiring the time resolution in taaosecond range and can be used to

determine the species concentration down {6 do [31-34].
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For a long period of time infrared spectroscopy basn a main technique for plasma
and materials analysis in the laboratory. The giigor peak distribution in an infrared
spectrum is given in a unique way for each differeaterial because they correspond to the
frequencies of vibrations between the bonds of dtmms. It means, there are no two
compounds that produce exact the same infraredrapecSpecies identification is deduced
from the spectral line positions while line prosilare often connected with gas temperature
and relative intensities provide the knowledge &bspecies concentration. Therefore,

infrared spectroscopy is an excellent tool for gaale as well for quantitative analysis.

In order to overcome the limitations encounterethwidispersive instruments Fourier
transform infrared spectroscopy (FTIR) can be used quantitative in-situ plasma
investigations [35, 36]. The combination of contime broadband light source with a
Michelson interferometer offers wide spectral rarsgmsitivity with a relatively sensitive
detection limit, which is in the order of ppm. Howee, the measurement speed is limited by
the mirror speed and the wavelength range.

Cavity Ring-Down Spectroscopy (CRDS) is one momghtsensitive method of laser
absorption spectroscopy [37, 38]. It has numer@pi@tions and enables measurement of
absolute densities by samples, which scatter asdritihe light. The absorption path lengths
in the kilometers range, which can be achieved pgra@priate instruments, provide the
determination of absorptions as low as®10y the temporal resolution in the order of
microseconds. Limited availability of tunable lasight at the appropriate wavelength and of
high reflectance mirrors at those wavelengths mbably the main disadvantage of this

method.

Owing to recent development and commercial avditglof different electromagnetic
radiation sources mid infrared laser absorptiorcspscopy (MIR-LAS) has been offered as
an attractive new option for plasma diagnostic pegs. Based on Tunable Diode Lasers and
applied in this work (see chapters 3 and 4) MIR-A3Lhas been intensively used also by
many other authors for determination of neutral igasperatures [39], study of dissociation
processes or detection of free radicals [40-43]temnporally resolved measurements of
hydro- or fluorocarbon plasmas [39, 44-48]. On titeer hand (chapters 5 and 6), the
development of Quantum Cascade Lasers (QCL) [4@fatmmg at room temperature has
enabled them to become a good alternative to TDLapgplication for the IR-LAS
measurements [50, 51]. Furthermore, the tunabohtgr much broader spectral ranges than

with a typical lead salt laser or QCL has been edd using external cavity (EC)
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configurations [52]. At present EC-QCLs are used ifcreasing number of applications
including studies of plasma chemistry and reactkometics in non-equilibrium plasmas
(chapters 7 and 8).

Therefore the method of IR-LAS was chosen as thm mhi@agnostic technique of this
thesis, since a wide variety of species in therpiagan be detected and absolute humber
densities of different stable molecules or radicals be determined.

1.3 Interaction with surfaces

The effects of non-equilibrium plasmas may not bastdered separately from the
understanding of processes that take place betthegniasma and surfaces inside the reactor.
Different parts of a vacuum chamber, e.g. wallglectrodes as well as substrates can alter a
plasma process by collecting or releasing materiély becoming electrically charged, which
can lead to chemical functionalizing of the surf@le Therefore, influence of the reactive
plasma discharges over a surface is widely usethirials processing, e.g. plasma-enhanced

chemical vapour deposition (PECVD) or polymerizatio

In the 1970s, when the potential of plasmas forenmt modification was realized, a
synergetic effect between Aions and reactive XeFnolecules for poly-Si etching has been
discovered by J. W. Cobuat alin beam experiments [53]. Measuring the differelnetveen
the etch rate with both beams simultaneously aadstim of the rates observed with the two
beams separately, they were successful to demtnsitra synergism between the ion beam
and the reactive neutral species. At the same imA. Thornton using an argon glow
discharge has deposited thick metal films (25 untp @lass and metallic substrates under
various conditions of substrate temperature, gasspire, and plasma bombardment [54].
Besides, there exist a large number of studiesriefeto this period and pursuing the same
aim where different discharges were used. [55-38frefore, synergetic effects between
charged and neutral species were observed in treess of film growth in low temperature
plasmas. The following studies have further coneththat plasma-created species with a
variety of energies and momenta, chemical activapd transport characteristics, are

responsible for the unique surface modification5#,62].

Nowadays, plasma-surface processes are an intgydspic gaining their importance

finding the applications in medicine, chemistry agplalysics, biology and bioengineering,
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material science, as well as in electrical and ¢baihengineering, and in many others fields
[63]. However, the operational parameter spaces@targe and the effects are sometimes so
fine and complex that quantification, character@atand prediction of the interactions

between reactive plasmas with complex surfacestdran important scientific challenge [4].

1.4 Scope of thethesis

This thesis aims on the investigation of surfacecesses including knowledge of the
kinetics of the surrounding gas phase and reagilaema chemistry. High performance
spectroscopy such MIR-LAS and precise knowledgespectroscopic properties open up
possibilities of accurate plasma parameter measmtnthe basis of any plasma diagnostic

method.

The thesis begins with two theoretical chaptergséhchapters give a brief overview of
the reactive gas discharges, discuss investigagidmniques for plasma-chemical processes
and provide the information about the basic prilegpof the absorption spectroscopy in the

MIR spectral range.

In the first experimental chapter, chapter 3, thengsical phenomena in,NH, plasmas
studied by the combination of two spectroscopitimégues TDLAS and MS are shown. The
valuable knowledge of active nitrogen species pigya decisive role in the nitriding process

can contribute to the further development of thhhique [64].

Chapter 4 includes further investigations of th@rbgarbon chemistry in relation to
dust particle formation in Ar and He RF plasmasaofapacitively coupled parallel plate
reactor with admixtures of £, and CH. The time dependence of molecular concentrations
obtained by TDLAS and the determination of fragraéinh/conversion efficiencies are
presented. Besides, the outcome of FTIR measuremennhalyzing of the dust formation

dynamic in reactive low temperature molecular plasnms also discussed there [65].

The development of a new method for the wall datation probability determination
of vibrationally excited N (), ) at different surfaces exposed to low pressurenpis is
demonstrated in chapter 5. A short dc dischargsepigl used to excite a mixture containing a

small amount of C®in N,. Due to a nearly resonant and very efficient \tibral energy

transfer between Nand the asymmetrigz mode of CQ, its vibrational excitation is an image
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of the vibrational excitation of N Thereby, the vibrational relaxation of the titngt
molecules is monitoredn-situ using QCLAS in the afterglow phase and has become
interpreted in terms of a numerical model of noo#gdgrium vibrational kinetics in C@N,

mixtures [66].

As next, chapter 6 concerns the problem of poliutedatement from gas exhausts,
which is an important contribution for environmdngad health protection. Methods of
QCLAS applied to catalytic surfaces exposed to essure Ar/@ plasmas, demonstrates
the ability of such surfaces to adsorb reactivenatospecies. The stimulation of catalytic
surfaces via plasma treatment is an innovativeagmbr but far from being fully understood
[67].

Focusing on the analysis of physical and chemib&npmena in molecular plasmas,
chapter 7 presents potential application of EC-Q@ksa promising radiation source for

IR-LAS, manifesting new aspects of this spectrogcapproach [68].

In addition, in chapter 8, the attractive properted EC-QCLSs, such as wide spectral
tunability, intrinsic narrow line width, and highutput power is applied for investigations of
Ar and Ar/N; RF plasmas with admixtures of metal organic premur(ATI), playing an
important role for the deposition of & layers in CVD processes. Thereby, a high potential
of EC-QCL as an IR light source to be applied faultirspecies gas or plasma medium
diagnostics is proposed [69].

Finally, in the chapter 9, the results of the stady summarized and a brief outlook on

further research efforts is given.

Some parts of this work have been, fully or paglyblished already.



2 Infrared laser absorption spectroscopy

for plasma diagnostics

Different types of low pressure discharges haven l@eestigated in this work. Methods
of absorption spectroscopy in the mid infrared eabgsed on semiconductor laser sources
have been employed as diagnostic tools. The foligwechapter briefly describes basic
principles of the used plasma discharges as welprasides a link between diagnostic

methods based on infrared laser absorption speopgsand plasma parameters.

2.1 Low pressuredischarges

Non-equilibrium plasmas, depending on the pressueg operate at, can be divided
into low- or atmospheric pressure discharges (gpeef 2.1). Low pressure discharges are
characterized by the insufficiency of molecules,iohare available for the electrons to
collide with and to generate a new free electrdre degree of ionization in such discharges is
rather small. Due to a fewer collisions the suéfiti difference in temperature between the
plasma species in low pressure plasmas can bevadhi®n the other hand, if the pressure is
higher, the probability of collision is higher, la@se an increase in pressure leads to an
increase of the density of species. In this wag,ftee path of the electrons before colliding
decrease and they gain less energy. Furthermotie,ingreased pressure the rate of reaction
increases involving reacting gases. Finally, tHeiehcy of the energy transfer between the
interacted gas species is influenced. Therefore, Higher temperature of all species is

inevitable.

This subchapter is focused on physics of low pmesplasmas and discharge types used

in the thesis. Basic principles are briefly disadshere.
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Non-Equilibrium Plasme

T T

Low pressure discharges Atmospheric pressure discharges

| |

* Glow discharge plasma e Corona discharge
» Wave heated plasma * Arc discharge
» Capacitively coupled plasma » Dielectric barrier discharge

* Inductively coupled plasma » Capacitive discharge

Figure 2.1: Classification of non-thermal plasmas dependingheroperating pressure.

2.1.1 Glow discharge plasma

Glow discharge plasmas are generated by applyii@Cobr low frequency (<100 kHz)
RF electric fields to the gap between two metatteteles, that are inserted in a cell filled
with gas at low pressure (typically up to=15mbar). They are characterized by
thermodynamic equilibrium and quasineutrality. Tefeective electron temperature in glow

discharges is significantly higher than the tempeeaof gas or electrode.

Physically a glow discharge can be explained akvsl there is always a certain
amount of charged particles in any volume filledsloyne gas, usually argon or another noble
gas, and isolated from the external atmosphereetdnfluence of an electric field in the tube
they started to move to the corresponding poles, gbsitively charged ions are driven
towards the cathode by the electric potential, tedelectrons are driven towards the anode
by the same potential. This chaotic relocatioroofiand electrons leads to the collisions with
the gas atoms or molecules, inducing the excitaBon ionization processes. Due to
ionization collisions the formation of positive e¢bad ions is happened, providing the
electron emission from the cathode. These new getb@lectrons are responsible to new
ionization collisions, which bring a new portion mwins and electrons into the discharge.
Electron excitation of gas atoms with followed deitation leads to the emission of radiation,
giving rise to a gas discharge [70, 71]. Furtheemat sufficiently high voltages, collisions
within the cathode caused by the ions and electbonsbardment are able to eject a portion
of cathode material due to the energy redistrilbuti®his process is called as cathode

sputtering [71, 72] and is typical for operatindat pressure.
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A special form of a continuous DC discharge is &s¢ud DC plasma, used in many
industrial applications owing to (i) higher opeoatipower, (ii) variable duty cycle of on-off
plasma stages, better performance control, and gigvention or minimization of some

undesirable effects [71]

Therefore, this type of discharge finds applicatiofightning and laser manufactory as
well as in the microelectronics industry for sudanodification, like sputtering, deposition,
chemical etching, etc. In addition, glow dischapdgys an important role in plasma physics
and analytical chemistry, because the investigaifdight produced by the discharge can give

a better understanding of the atomic interactiornthe gas [71, 73].

2.1.2 Capacitively coupled plasma

One of the most common types of industrial plasmarees, capacitively coupled
plasma (CCP), is generated with high frequency REtrc fields (typicallyf= 13.56 MHz)
applied to a pair of flat metal electrodes. Tydicabne of two electrodes is connected to the
RF power supply, whereas the second is grounded.gBis pressure in the reactor can be
varied from tenth of mbar up to tens of mbar, gt dperation at atmospheric pressure is also

possible.

The mechanism is similar to what happens in a gl@sgharge. While the frequencies
are low, the ions accelerated in the electric fieddve to the electrodes and produce
secondary electrons. Later, when the frequencyeasas, and the electric field is strong
enough, it can lead to electron avalanche. A latgaber of free electrons facilitate the gas to
become electrically conductive, which accompanightlemission from excited atoms or

molecules [74].

For CCP the presence of sheath regions coverindRtheslectrodes is typical, as it
happens in a DC glow discharge. These sheath® ggldasma boundaries act as some kind of
dielectric or a capacitor and have impact on ttsetdirge current and plasma density. Since
the RF discharge is presented in two forms, s@datland ymode [75], internal properties of
sheath regions can be different. In case of lowerents and a positive V-1 characteristics,
typical for the @ mode, these zones own very small electrical camndtyc and low
concentration of charge carriers. The intensityhaf emitted radiation has the maximum at

the electrodes and is decreasing towards the cehtdre gap between the electrodes. In
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contrast, in they mode, determined by higher currents and partialggative V-I

characteristics, the emitted light is sufficienttpre intense [71, 76].

One of the disadvantages of this type of plasmiaeigeed at a low gas temperature, is a
low plasma density by uncontrollable ion fluxes @&md energies independently of each other.
Moreover, the CCPs are characterized by lossdseoinput power, which are wasted for ion
acceleration instead of plasma generation. Nevegbgit is worthwhile to mention, that
capacitively coupled discharges are often applediry etching and film deposition (e.g.
sputtering, PECVD), since they have good uniformfyoperties by simple reactor

construction [73].

2.1.3 Microwave discharges

Microwave (MW) plasmas are electrodeless excitesthdirges in a gas by rapidly
varying electric field in the GHz frequency rangecording to the excitation conditions MW
plasmas are distinguished into electron cyclotresonance (ECR), surface wave and
resonator discharges [71]. Detailed informatiorthef different discharge types can be found
elsewhere [70, 71, 77, 78].

A basic MW plasma reactor consists of a microwaowgy supply as well as of the
plasma load. The power transport is provided byaregular waveguides or coaxial cables.
The optimization of the energy transfer and theimization of power reflections are realized
by applicator. Moreover, there is one more elenienhis system — circulator, which should
protect the power supply from reflected power. Tgbfor MW plasmas inhomogeneities due
to the limited skin depth, can be minimized, whka plasma is generated by coupling the
microwaves from the MW generator to the plasma ma&wvithout any magnetic field [71].
Thus, the homogeneous MW discharges can be redhygdtle construction of planar MW
plasma reactor, used in this work and describetktail in reference [79]. A typical property
of such arrangement is the high chemical reactofifylasma produced species.

The MW plasmas generated at low pressure are im@ynsised in many industrial
applications such as semiconductor production,npdagtching or deposition and surface
cleaning [73]. The advantages of MW dischargedasma chemistry are primarily related to
the possibility of building reactors for the protlon of very pure and highly chemical

reactive mediums.



Infrared laser absorption spectroscopy for plasiagribstics 37

2.2 Radiation sourcesin the mid infrared spectral range

Recently, one of the most urgent scientific chaJesnwas the establishment and further
development of effective monitoring systems for imgles detection in plasma, trace-gas or
ambient air, present in small concentrations. Tinglémentation of analytical solutions in the
IR spectral range often requires the applicatioroptical radiation sources, which output
power exceed the corresponding parameters of rentse thermal radiation sources.
Moreover, a variety of practical tasks demand th#eaces to be broad tunable, meaning
generate an optical radiation over a wide speataalge furthermore providing simple
technical control of radiation parameters.

The attractiveness of the MIR spectral range (B ) is based on a number of
circumstances. First of all, characteristic tramspay window of the ambient air (3 ufn,

8 — 12um and other) can be found in this region. Fromgpectroscopic point of view this
spectral range looks perspective for the deteatiothe most common gases and molecules,
which vibrational-rotational characteristic abs@ptspectra are placed here. In addition, the
emitted radiation in the MIR spectral range is Isasceptible to scattering, than the near-
infrared radiation, visible or UV regions.
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Figure 2.2: Photograph of a lead salt diodeérigure 2.3: Schematic diagram of the
laser. structure of laser diode.

Tunable diode laser absorption spectroscopy (TDLAS)}he mid infrared spectral
range using lead salt lasers (see figures 2.2 &)dh& radiation sources has been proven to be
a versatile diagnostic technique of molecular plsnin particular TDLAS is well suited for
the monitoring of absolute ground state concerminagtiof a wide variety of molecular species
including radicals and molecular ions thereby pdong a link with chemical modeling of the
plasma (see [80] and references therein). Until,tbe main applications of TDLAS have

been for investigating molecules and radicals worbcarbon etching plasmas and in plasma
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containing hydrocarbons [80]. For the simultanemasitoring of multiple molecular plasma
species TDLAS systems, which make use of seveadl $alt lasers, have been developed in
the past [81, 82].

The recent development and commercial availabditypulsed and continuous wave
(cw) quantum cascade lasers (QCLs) for wavelengthger than 3.4um and inter-band
cascade lasers (ICLs) for shorter wavelength affeattractive new option for MIR-LAS for
plasma diagnostic purposes. A typical QCL chip adl as three generations of the quantum
cascade laser measuring and control system (Q-MAGS9r heads are illustrated in
figures 2.5 and 2.6. Compared to lead salt lagstslulited feedback (DFB) QCLs provide (i)
continuous mode-hop free wavelength tuning, (igréasingly high output powers, (iii) near
room temperature operation and (iv) narrow line tlvidadiation. In conjunction with
integrated DFB gratings, the emission wavelengtithed new class of thermoelectrically
cooled semiconductor lasers can be custom tailoved a wide range throughout the infrared
molecular fingerprint region. Their total emissi@amge is typically limited to less than 7 ¢m
Therefore a multi-component detection to study ardd active compounds in reactive
plasmas requires, as in the TDLAS case, the cortibmaf several QCLs in a spectrometer
[83]. Meanwhile the variety of QCLs and ICLs opérgtat room temperature are considered
as substitutes for cryogenic cooled lead salt fasghich has led to a rapid development of

MIR-LAS from a niche position to a standard diagiotechnique [50].
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Figure 2.5: Photo of a QCL chip. The Figure 2.6: Photo of three different generations

semiconductor crystal (small black spot) of Q-MACS laser heads, presenting their time

is placed on the copper cooling bodydevelopment from the year 2006 to 2013. From

and bonded to the electrical contacts byleft to right, uncapsuled QCL chip in a laser

gold wires. head, which can be pumped out, TO-3 and TO-8
packaging of QCLs.
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Recently, tunability over much broader spectragesnthan with a typical lead salt laser
or DFB-QCL has been achieved using external ca{i¢) configurations. Nowadays,
EC-QCLs (figure 2.7), which are available in pulsgdtontinuous wave (cw) working mode,
can be tuned over more than 100crivlodern cw EC-QCL provide mode-hop free (MHF)
tuning ranges in the order of up to 80%nat small line width of typically 20 to 60 MHz
(6 — 18 x 10 cm™) at power values of up to 350 mW [84]. In seleatedmples even much

higher tuning ranges and power values have beaaath[85].

Figure 2.7: Photo of a commercially available EC-QCL (Daylight
Solutions), which was used in this study.

At present EC-QCLs are used for an increasing nurabapplications including high
resolution isotope analysis, explosive detection @race gas monitoring [85-91]. The
acquisition of MIR photoacoustic spectra of soliasd surface adsorbed species using
EC-QCLs has become feasible [92-94]. Nano-scaléaspasolution has been achieved by
combining EC-QCLs with an atomic force microscopedetect the thermal expansion of
polymer samples [95]. Pulse radiolysis of condess®gase samples demonstrated a
nano-second time resolution based on EC-QCL smaxipy [96]. Liu and co-workers used a
DFB-QCL and an EC-QCL as radiation sources for iplgltpass absorption (MPA) and
cavity enhanced absorption (CEA) to measure higblugéion jet-cooled infrared spectra of
methyl lactate and of the ArJ8 complex [97]. They found a considerable worsectéin
limit with the EC-QCL compared to the DFB-QCL cadid® the slow scan rate (<100 Hz) of
the piezoelectric transducer (PZT) which is usedfiiwe tuning of the grating of the EC
system. In contrast, the EC-QCL was well suitedhigh resolution spectroscopic studies of
jet-cooled samples [97]. In low pressure gased.&sand CH, fast chirped EC-QCLs have
been used to study non-linear phenomena, like #pedrpassage effect [98-101]. The

advantageous properties of a cw EC-QCL for diredt\wavelength modulation spectroscopy



40 Chapter 2

at the example of nitric oxide detection have beéemonstrated by Hancock and co-workers
[102]. Recently the same team used EC-QCLs forBmpler Lamb-dip measurements on a

low-pressure sample of NO [100].

Therefore, the summarized information of charasteeri features of used laser
absorption spectroscopy methods is presented la fah. Although that FTIR technique is
based on continuous light source, this method ®uded here for comparison as a

spectroscopic method providing broadband investigaif a gas phase composition.

Table 2.1: Comparison of infrared spectroscopy techniques @isedlasma diagnostic.

FTIR TDLAS QCLAS EC-QCLAS
Tunability whole MIR 10-100 cr 1-10 cntt over 100 cri
Time resolution S ... min ms ... Us ns...ms down to ns
Qutput power 0.1...20 mW 0.1..1 mwW 1..10 mW up to 350 mw
Sensitivity 10°...10° 10°...10° 10°...10° 10°...10°
Selectivity 10" cm* 10*...10° cm* 10°...10% cm* 10" cm*
Operation roomT 20...130K near room T roomT
Detection LN, detectors LN detectors TE detectors TE detectors

2.3 Basic principles of absor ption spectroscopy

Absorption spectroscopy (AS) as one of the methafdqualitative and quantitative
analysis is based on the interaction of electrorafignradiation with the investigated
substance and measuring its absorption as a funofiavavelength or frequency. Possible
applications of this method in the visible andaitolet (UV) regions are rather limited due to
the property of absorption bands to hide their Strecture owing to the broadening. Whereas
in the IR region they are narrow and their numbdaige. In addition, absorption bands in IR
spectra are characteristic, meaning they providaadiately information about the molecule
structure. Thus the IR spectra are characterizearbyndividuality, which determines the
value of AS in this spectral range for identificatiand investigation of organic compounds
structure [103, 104].

An incident beam of monochromatic light with intépdo, passing the absorbing layer
of thicknesd. through, owing to absorption and scattering preegsomes out with reduced
intensityl(l). The variation of the intensityl absorbed by the small regidhcan be defined

by the expression (see figures 2.8 and 2.9):
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Figure 2.8: Schematic illustration of theFigure 2.9: The variation of intensity of
variation of monochromatic light intensityexternal radiation from ¢ to | due to
passing the absorbing material, wherg,L— absorption in a gas or plasma sample of
absorbing layer, which varies the intensity khickness L.

factor of two.

di(v) =(j(v) -k) I, v)dl (2.1)

wherej(V) is the emission coefficient akgv) is the absorption coefficient. In case of several
absorption specidgV) is expressed as their sum with corresponding cudrat@nn per unit

and absorption cross-sectiotw) [103, 105]:
k) =Y k) =2 n W, v) (2.2)

Compared to the visible spectral range the scagemnoss-section for molecules in the
infrared is much smaller than the absorption oeeabse the typically investigated molecules
are much smaller than the wavelengths [106]. Whenabsorbing medium is homogeneous,
scattering and emission effects can be neglecteé@qunation (2.1) simplifies to:

di(v) =-k@)[l,(v)dl (2.3)

If the absorption coefficierk(v) is constant, formula (2.3) can be integrated eveeffective

absorption lengtlh.:

l,(V) ) _
ln(ﬁ] =k(v) L (2.4)
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Thus, the basic principle of the linear absorptgpectroscopy is expressed by
formula (2.4), which is well known as the Beer-Lartblaw. The integration ok(v) over
frequency of a single absorption line provides ¢hkeulation of absolute concentratiarof
the absorbing species:

K :jk(u)mv:%ﬂn('()—(")jdu:n[s (2.5)

I(v)

where S is the line strength in cm molecitlelt can be found in different databases like
GEISA [107] or HITRAN [108] or is listed in bookdQ9, 110]. Using this proportionality
factor the profile function of a single absorptiore can be expressed as follows:

oVv-v,)=SlfV-v,) (2.6)

where 1, is the resonance frequency of the transition #nd- 1p) is the normalized line
profile function

j fv-v,)dv =1 (2.7)

line

Single absorption lines in the discrete absorptspectra are not strictly mono-

chromatic and are additionally broadened in almalstcases [79]. Several broadening
mechanisms lead to spectral intensity distributi@ar the resonance frequeney. The
natural line shape has the form of Lorentz-profilegh the “half width at half maximum”

(HWHM) v_ due to finite lifetime of excited state and isidetl by:

v
f(v-v,)= L 2.8
T o
From the well-known Heisenberg uncertainty prineipl
AE 1
vy =—=—— 2.9
T aE (2.9)

The time constant; is the time required for the excited system latesnergyAE and
is determined by the rates of spontaneous emissidnnon-radiative relaxation transitions.
Additionally, the line width depends on the numbécollisions per second. In this case, the
number density of the molecules and the relativeedpf the molecules have much stronger
influence on the line shape and the natural braadds negligible. Then, the line width at

pressurg and temperatur€ is expressed as follows:
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1
T.\2
v, =v LST{pﬁJ(?Oj (2.10)
0

where V_stp is the line width at standard conditiong< 10° mbar andT,= 273 K). For

pressure broadened spectral lines the HWHM canobedf in the range of cm™ at
pressures lower than 5 mbar, whereas at atmosplmessures it can reach values

up to 10° cm™.

The next source determining the width of the spédines is Doppler broadening,
which is caused by the random thermal motion of &t@ms or molecules in different
directions and at different speeds. In this casg#ead of a broadened line with the resonance
frequencyvg a set of narrow spaced lines is observed. Envadppf this set gives a contour
of the broadened by Doppler effect line, which faendetermined by the distribution of the
velocity of the gas particles. In case of Maxwadlocity distribution the spectral line has a

form described by a Gaussian function

f(v-v,) =ﬁ@x{—(";#} (2.11)

with vp — Doppler HWHM:

Vo T ~7 T
Vo =—,|2K.N,In2— = 35810 1/—@/ 2.12
D C\/ B'VA M M 0 ( )

where the Boltzmann constanks= 1.3806503 x 16° JK™*, the Avogadro constant
Na= 6.02214129 x T3 mol™*, M is the gram molecular weight iriigol* and ¢ — the light

velocity.

In general, the overall broadening is a convolut@dnthermal- with the natural- or
pressure broadening. Mathematically convoluted &ansand Lorentz profiles in so called
Voigt profile can describe the line shape more eately. Under condition thai= 0, the

convolution of (2.8) and (2.11) can be simplifiedigoresented as:
f,W,vy,v,)= J' fo(Vy,vp) Of (v =V, v )dy, (2.12)

Nevertheless, the role of Doppler broadening idi@darly significant in the optical
range at room or even higher temperatures andaithsiE\Voigt only Gaussian profile can be

used.
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Finally, the observed profile of a spectral lin®ften influenced by the resolution of the
spectral instrument (called instrumental profile).this case, the natural line shape, can be
significantly changed by the finite line width dfet laser beam due to impact of the optical
elements of the experimental setup. However, timribwution v,sy. can be excluded from the
observed line profilevyns by calibration over a selected line of a referegas at known

pressure. The relation to the Gaussian line prifiexpressed as:

Vi, = Vipe — V5 (2.13)

Instr. obs

Therefore, under low pressure conditions taking iatcount (2.5), (2.6) and (2.13) the

absolute number density of molecules is substauatiay

n=Yos | 7T (o (2.14)
siVinz (1

The determination of molecular concentration usiktg is an efficient approach for
guantitative analysis, when several aspects leadimgpme limitations are considered. At the
present stage, most of industrial applications el tlve laboratory research often require the
detection of very low mixing ratios of gases witsalbance sensitivities in the lower

then 10° range.

For such small absorptions the sensitivity of dirglssorption measurements can be
improved by using wavelength modulation spectrogog®iMS). One of the most valuable
aspects of this technique is the signal abilitpéodetected at a frequency at which the noise
sources are less likely to interfere with the sigroreover, this method produces a

difference signal, which is directly proportionalthe species concentration.

The general approach to WMS comprises additionaflgdulation of the laser
wavelength with a rapid sinusoid at frequengy., much smaller than the width of the
absorption line [111, 112]:

Viaselt) =V + @ [SNE, ) (2.15)

where vy, is the modulation frequency with the amplitude The interaction between the
rapidly modulating wavelength and a nonlinear gbison feature gives rise to harmonic
components in the detector signal, so that thessxerternal noise is reduced and the signal-
to-noise ratio is enhanced. In modulation spectpganost of measurements are performed
at the second harmoni@f], because like in direct absorption, tBE€ signal is strongly
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dependent on spectral parameters and gas propertesan therefore be compared with

spectral simulations to infer gas properties.

It is obvious from the above, that the sensitiafyan experiment is typically influenced
on the signal-to-noise ratio (SNR), which compdhespower of a desired signal to the power

of background noise:

SNR:ﬂ:Lz'—Ok(u)DL (2.16)

. e | L
Certainly the measurements may be performed ifrétie AL:’S>1, which indicates

more signal than noise. Defined that a minim&NR=1 and taking into account (2.2),

following equation can be expressed [103]:

Al
min0-~
Wil

(2.17)

To sum it up, in order to get higher sensitivitg toise of the detection systeéthmust
be minimized. Since the molecular density is inramtion to effective length, another way
for enhancement in the signal level can be achidwedmploying of optical multi-pass
arrangements based on spherical optics, e.g. Wiitgres 2.10 and 2.11), Herriott- and
Chernin-cell, or astigmatic mirrors (McManus) [11B6]. On the principle of multiplied
reflection up to several hundred times the absompgpiath length of up to hundreds of meters

can be realized in these different designed cells.

Figure 2.10: Schematic diagram of the bearfigure 2.11: Field mirror of the White cell

configuration in the multipass optics o$howing the images of He-Ne Ilaser

White-type. reflection. In this case, a cell with 36 passes
is presented.
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3 Spectroscopic study of pulsed DC

plasmas used for nitriding processes

The active screen (AS) nitriding is an advancetirietogy for the plasma nitriding of
steel components providing a number of advantages oonventional plasma nitriding.
Developed in the last decade, the AS technologyfdwasd its industrial application, however
the understanding of the fundamental mechanismgtadrelationship is not complete. For
the first time the mid infrared tunable diode laabsorption technique in combination with
the quadruple mass spectrometry has been appliethisnwork. In-situ diagnostics of
chemical phenomena in the-NH, plasmas under variation of the process conditsuth as
H, to N, gas ratio, process temperature and bias activgtioner provided valuable
information about the concentration of active rggn species in the vicinity of the samples
surfaces. The thickness of the compound layer septeng the nitriding efficiency was used
as a response to nitriding conditions for the eatidun of selected process parameters derived
from the plasma diagnostic studies. A 1:1 gas mexaf the N—H, process gases seems to be
most effective to get thick compound layers [1].

3.1 Introduction

The active screen plasma nitriding (ASPN) is a howkasma assisted nitriding
technique for a surface-engineering treatment witligh application potential [2]. The main
advantages of the ASPN over a conventional plasweeps are caused by the replacement of
the glow discharge from the components to a separatal screen (active screen, AS)
surrounding the entire workload. This approachdigsificantly reduced or even completely

eliminated any possible damage caused by edgetsffaollow cathode discharges and
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arcing. During the nitriding process the activeeser plays a twofold role — it generates a
mixture of active species required for the nitrgliprocess and it radiates the heat, produced
by the plasma discharge, resulting in a uniformperature distribution over the workload

parts even with highly different geometry. The watke and the parts are placed in a floating

potential or a weak cathodic potential is applied.

Although the ASPN technology developed in the ldstade has been proven its
industrial applicability, the understanding of tHandamental mechanisms and their
relationship required to effective use of its pains not complete and still in the focus of
investigation of many research groups worldwidel23- According to the fundamental
differences of the ASPN technology compared to eatienal plasma processes an improved
knowledge of nitriding mechanisms is necessaryetddwveloped. During the plasma nitriding
with an active screen the mechanism of the nitrogess transfer to the surfaces of the
metallic parts cannot be described with a singlelharism. George [3] suggested that active
neutral nitrogen species generated at the actrees@lay a decisive role. Hubbastal [8-

10] stated that “sputtering and deposition” meckienproposed by Li and Bell [4-6] cannot
explain sufficiently the mass transfer in the ASBicess. They proposed that energetic
nitrogen ions or neutrals originating from the @etscreen and a sufficient bias applied to the
worktable ensures the uniform nitriding resultsthe commercial ASPN setup. Ricard and
co-workers [13-16] put a lot of diagnostic effomito the study of discharge and
post-discharge phenomena inM, plasmas. Their OES diagnostic results provided
unambiguously a major role of the neutral atomtoogien in the nitriding process during the
post-discharge. A concept of the remote plasmacsomakes both methods comparable, but
not equivalent. An electrostatic confinement effaotl intensive radiation produced by the
AS are two more factors affecting the kinetics at geactions in the vicinity of the probe

surface.

Only in few studies non-disturbing-situ plasma diagnostic methods have been applied
to study the plasma processes involved in plasitnaling at the industrial scale ASPN unit
[12]. For a better understanding of the chemicatn@mena in M-H, plasmas and their
contribution to the nitriding process a combinatiointwo spectroscopic techniques, mid
infrared tunable diode laser absorption (TDLAS) ajdruple mass spectrometry (QMS)
have been used in this work.
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Figure 3.1:
Photo of the ASPN plasma
reactor with the applied
diagnostics systems for
TDLAS- and QMS-
measurements. Left side —
< TDLAS system IRMA
B } with optical table and
T control unit and right
‘ side — quadruple mass

spectrometer [1].

During the plasma nitriding the growth of compoutayers (CL) is primarily
determined by the presence of active nitrogen sgenithe vicinity of the probe surface. The
CL thickness was used as a response for the emaluztselected process conditions derived
from the plasma diagnostic studies.

3.2 Experimental

The AS plasma nitriding experiments were perforniedan industrial-scale 15 kW
pulsed DC plasma systerfr (L kHz and 60% duty cycle). The inner volume & teactor
was about 1 f As an active screen a double wall metal mesh @@ mm in diameter and
750 mm in height was placed in the middle of thacter surrounding the workload. A
separate generator (MagpuPs; 10 kW) running at= 10 kHz with a 50% duty cycle supplied
a negative Bias-voltage to the worktable. The pness the furnace was pumped to a base
pressure of 70 Pa.

The process gases were introduced into the disehdrgmber through separate mass
flow controller (MFC). Using TDLAS, the dependersief NH; concentration on several
plasma parameters were monitored. Additionally, QW& used to detect stable plasma

products in the chamber.

Figure 3.1 shows the ASPN plasma reactor with fhglied diagnostic systems for
TDLAS- and QMS-measurements. In figure 3.2 a sketickhe construction of the reactor
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ACTIVE SCREEN

ACTIVE SCREEN

Detector

b) IBIAS (L)

Figure 3.2: Sketch of the reactor together with the appliedspia diagnostic techniques: top
view (a), side view (b) [1].

together with the applied plasma diagnostic tealmsgs given. In addition, a special metallic
mesh tube with a length of 60 cm, a diameter omd4and a mesh-size of about 1.5 cm,
representing a probe, was installed in the middldh@ worktable for the simulation and the
monitoring of plasma processes near the probe curf@lasma intensification due to the
hollow cathodes in the mesh holes was negligiblenénworking pressure range. The probing
beam of the TDLAS system was guided directly thiotlgs probe tube. During the plasma
phases two pressure values were used, 200 or 30@dpeectively. The flow rate was kept
constant at 80 I/h. Two precursor gases were uwégdnd H. The gas mixture was varied by
changing the partial gas flows. The temperature waaied from 400 to 570°C depending on

the experimental conditions (table 3.1).

Table 3.1: The ASPN process parameters used for plasma didgaasudies.

Gas mixture Pressure, Pa Temperature, °C Range_ gr Bias power, %
composition
400, 570 0-75%H
N, + H, 200, 300 400, 450, 500 50% H 0-20

For the TDLAS measurements of Blidoncentrations a compact and transportable IR
multi-component acquisition system (IRMA) was u§&d]. The IRMA system contains four
independent laser stations. The narrowband infraragsion of four lead salt diode lasers
was used to monitor the infrared absorption featwkethe target species. The four diode
lasers are mounted in individual cold stations,cvhare thermally coupled to the cold finger
of a closed cycle cryostat. The temperature of éaszr is controlled at milli-Kelvin precision
between 30 K and 100 K. Four grating monochromagerse as mode filters. The light of the
four lasers is converged into a single beam, wisalsed for measurement in the plasma of
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the ASPN reactor. The data acquisition system ter four-channel tunable diode system
consists of two computers combined with two higkeexp boards and two dual diode laser

controllers housed in a single transportable régkie 3.1).

Based on rapid scan software using direct absarpith sweep integration, the
absolute concentrations of several molecular spe@a be measured simultaneously within
milliseconds. In the present study with the IRMAstgyn several absorption lines of NH
species were observed in the/llb plasma. Figure 3.3 shows typical absorption speatr
NH3; measured with the IRMA system in the plasma ofAB®N reactor. Absorption lines at

887 cm' have been used.

=
@

=
@

887.000  887.079

o
Qn

886.876

0.0 _ i

detector signal [V]

886.8 8869 887.0 887.1
wavenumber [ci

Figure 3.3: Typical absorption spectrum of Nidround 887 cm[1].

For the monitoring of the process gases a quadmnass spectrometer (QMS 200,
Balzers) was applied simultaneously to the TDLA&gdostics. Some additional experiments
have been carried out for the mass spectroscopilysas of the neutral gas species in the
vicinity of the probe tube surface. Inside the rgtical probe a fused silica pipe of the QMS
gas inlet system was placed in the same mannebDa#3 probing beam. The reduction of
the process pressure down to the working pressuhe guadruple analyzer (<¥@nbar) was
achieved by a gas dosing valve (UDV 040, Pfeiffeogr the QMS measurements the working

pressure was kept constant at 200 Pa to provideragh response on process changes.

Based on plasma diagnostic experiments the roleaabive nitrogen species was
examined experimentally by performing a series ifiding tests. Three grades of steel
commonly used for mechanical components and taads,42CrMoV4, 31CrMoV9 and

X38CrMoV5-1, were investigated under selected dhitig process conditions. All the samples
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were wet ground down with 1000 grit SiC paper, eéehand dried with hot air before the
treatment. The nitriding results were metallograplty analyzed. The composition profiles

were obtained by means of glow discharge opticas&ion spectrometry (GDOES).

3.3 Results and discussion

3.3.1 Measurement of Nidoncentrations by TDLAS

A first experiment was performed at a temperatufe560°C and at a pressure
of 2 mbar. During the experiment the ratio of t8 N, in the feed gas of the reactor was
gradually changed up to 75% of.HTo maintain the probe temperature constant the AS
power was automatically adjusted from the valu8 &fV at 0% H to almost 10 kW for 75%
H». In addition, at certain Hconcentrations the value of the bias power waeddretween 0
and 20% of the AS power.

N, [%]
100 90 80 70 60 50 40 30
i Bliasl: T T T T T T T T T T T T ]
" 20{0 0% .
3 1.5 0 -
ko
£
o lof A Al e ]
o
=)
—, 0.5 ]
I
Z |y
O-O T T T T T T T

Figure 3.4: Influence of the bias power in % of the active
screen power on the NHoncentration in the NH,-plasma
(P=200 Pa and T=570°C) [1].

An increase of the bias power results in reductbthe AS power. Figure 3.4 shows
the dependence of the NEoncentration on the N, mixture ratio for different values of the
bias power. The concentration of Blias found to be in the range of 0.2 —1.2%. The

concentration of the produced k4 growing up with the admixture of bigger amouwit$,,
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up to the ratio BN,=1:1. The increase of the bias value leads to a@nease of the
concentration of NHl

3.3.2 QMS analysis of the-NH, plasma

A QMS experiment was designed identically to the LAS experiment with
introduction of a silica gas inlet system inste&the probing beam in the middle of the probe
tube. A temperature of 400°C was alternatively enofor this experiment to maximize the
response signal. The typical QMS spectra of thegs® gas for pure,Nb) and N + 75% H

(c) plasmas are shown in figure 3.5.

i

The highest admixture of H
into the process gas leads to a

pronounced increase of the intensity

of the H peaks at 2 and 3 amid(

and H;, respectively). The

lon current [a.u.]

presence of theH; radical in the

1 _ QMS spectra at the higher
0O 5 10 15 20 25 30 35 40

mass [amu] concentration of K is due to

Figure 3.5. Typical QMS spectra measured fronPnization processes in the QMS
different gas mixtures: a) the background spectimm ionization chamber. In addition, an

7
the QMS measured at the pressure of' BQ, hiensification of the QMS peaks at

b) pure N, ¢ + 75% 1].
)pure N, ¢) \b o Hp [1] the mass numbem/z= 15, 16, 17

and 18 amu was attributed to the increase of the ddiHcentration represented in the QMS

spectrum by a series of NH fragments with x= 1, 2, 3, and 4, respectively.

The increase of the feed gas ratio oftbl N, up to 50% is accompanied by an increase
of the NH; concentration. A higher admixture ot kb the process gas (above 50%) leads to
reduction of the Nkl concentration. Therefore, a clear coincidence BLAS and QMS
measurements was found. Application of the biasgoaf up to 20% of the AS power to the

probe tube considerably increases the; Wéhcentration as well (see figure 3.6).

An increase of the process temperature from 4080 C reduced significantly the
NH3 concentration. The NHevel was slightly growing with the applicationtbie bias power

(figure 3.7). It is worth to note that the effeéttioe bias power is stronger at 400 and 450°C.
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In figure 3.8 (on the left axis) the intensity catf two massesN*/N, ) is plotted as a

function of the H gas admixture for different values of the bias powrhis ratio relates to
the degree of dissociation of the Molecules which occurred during the ionizatiorthe
mass spectrometer. It is known that the dissocigitocess of the QMS is highly statistical in
the ionization chamber. Only a small part of thecebn energy is transferred to break the
molecule bond. Exceeding a certain value (the diaton energy), which is specific for
different molecules, the chemical bond will be okand the parent molecule is dissociated
into fragment molecules. The dissociation yieldategs strongly on the energetic state of the
parent molecule. For energetically excited molexplessessing electrons on higher vibration
levels the dissociation probability is higher.
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Figure 3.6: Dependence of thé&\H. -peak Figure 3.7. Dependence of the relative
intensity (17 amu) on the ;M\, ratio in NH; -peak intensity (17 amu) on the bias

different values of the bias power (in % gbower (in % of the AS power) at different

the AS power), T=400°C and P= 200 Parocess temperatures. The/N, ratio is 1:1

[1]. and p= 200 Pa. All values are normalized to
the ion current intensity at 400°C and at 0%
bias [1].

The quenching reactions of; kvith highly excited N molecules lead to a reduction of

N, dissociation yield, i.e. the ratibN"/ N, is decreased. It is worth noting that the QMS-

signal of both nitrogen masseés® and N, ) dropped significantly for the Hadmixture
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above 20% (see figure 3.8 on the right axis Fbt-radical). This fact is very essential for

nitriding process.

As it was stated by different research groups basedonventional plasma nitriding
process [18], it is unlikely that the N¥$pecies produced in the-MNH, plasma are the active
nitriding species. In case of ASPN, the role of\tHg radicals produced in the;NH, plasma
in the nitriding process is not enough investigafBte NH-species produced by AS could
act as precursor providing the atomic N after digdmn near the probe surface. On the other
hand, this mechanism will lose its effectivenegmisicantly either at higher temperature
above 500°C or for the Atoncentration of much higher than 50%. The apfiioeof the bias
power intensifies both the generation of the Midecies and the increase of the concentration
of active nitriding species, e.g. the N atoms inized or neutral form, simultaneously near
the probe surface. The latter is very essentiatferASPN process. The higher level of the
bias power improves significantly the nitriding u#s. Therefore, one may conclude that the
generation rate of NHspecies could be an indicator of an effectiveidiitg process in the
No—H, plasma. A mechanism of energetic exchange beteseited N, species and NH
molecules was claimed by Sweetisal in their patent [19]. They have invented a newhuoet
for remote plasma activated nitridation with a gtmilar idea as in the ASPN. The remote
plasma excitedN, species were mixed with the flow of Nigas resulting in activation of the

NH;3 species, which finally improves significantly thigridation efficiency.

A discharge power applied to the AS point is a nemportant parameter which
contributes to the generation of excitég and ammonia molecules. As mentioned above the
AS power was automatically increased with furthémeture of the H gas to maintain the
process temperature constant (see figure 3.9a)algtthe concentration of the N#$pecies
in the reactor is a product of probability of théagma-chemical reactions and their
intensification due to applied AS power. The apgtlien of bias or change of the reactor
temperature at the fixed.fN, gas ratio leads immediately to a self-adjustmdnthe AS

power (see figure 3.9b) and therefore to a chahgfgecconcentration of plasma species.
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It is an essential characteristic of the ASPN pssceompared to conventional plasma
nitriding. A twofold function of the AS, i.e. heagj and generation of plasma species,
determines the decisive mechanism responsiblehi@rnitriding results at certain process
conditions. To prove the assumptions made by bagndstic methods that the generation
rate of the NKspecies depends on the ASPN process conditionsasthted to the activity
of the active nitrogen a short series of nitridexgperiments was performed on the ASPN
system. The influence of selected process conditimnparticular the Hto N, gas ratio was

investigated.

3.3.3 Plasma nitriding experiments

The results obtained from both plasma diagnostithats were implemented in design
of the experimental program (see table 3.2 forid¢ta hree mixtures of the process gas with
different H to N, ratios (1:3, 1:1, and 3:1) and the bias powehatl¢vel of 15% of the AS
power applied to the work table were used. To datex a nonmaterial-specific response of
the nitriding conditions three typical nitridingesis (42CrMo4, 31CrMoV9, X38CrMoV5-1)
were chosen for the experiments. The GDOES repuitgding information about the depth
profile of nitrogen concentration and about thekhess of compound layer (CL) for each
steel grade processed at three gas mixtures asenpeel in figure 3.10. The CL thickness
results obtained from GDOES spectra are summarinethble 3.3. In most cases the
H2:N,=1:1 gas ratio tends to be more favorable to olaaimck CL, which indicates a higher
nitriding activity and therefore a higher concetitma of active nitrogen at the probe surface

during the nitriding process.

This statement was also supported by diagnostugltsesdHowever, despite a similar
generation rate of ammonia monitored by diagnosbosh for 25% and 75% of H
admixtures, the worse nitriding results obtainedthe experiment with the highest; H
concentration showed that the generation rate ®fNhi-species alone is not sufficient to
predict entirely the nitriding results, in partiauffor the H admixtures above 50%. Changes
of the concentration and the energetic state pgpecies (see figure 3.8), as well as their
reactivity with the probe surface should be taketo iaccount. It is most likely that other

mechanisms are dominating in this case. To cldndy further investigations are planned.
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Table 3.2: The ASPN process parameters.

Process medium

. Pressure, Process 15% of bias
Nr. Treatment cycles Gas mixture Total gas Pa duration. h power, W
ratio flow rate, I/h ’ ’
1 Heating + sputter Ar/bE 1:1 30 150 15 1000
H2/N2 =
Nitriding at 1:3 1120
2 T=570°C 11 80 300 4 1190
3:1 1260
3 Purge + cooling Ar 60 300 0.5 -
'?12 T L B B LA A B L L LA I L LA B
ST 42CrMo4 ] 31CrMoV9 J\.. X38CrMoV5-1.
= 10 . 1 .
5 o - 1 -
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Figure 3.1C: The N-concentration depth profiles for three stgeldes (42CrMo4,
31CrMoV9, X38CrMoV5-1) and threeMl, gas ratios: 1) 1:3, 2) 1:1, 3) 3:1. [1]

Table 3.3: ASPN nitriding results. (CL thickness in pum).

Nr. Gas mixture H,:N, 42CrMo4 31CrMoV9 X38CrMoV5-1
1 1:3 12.6 9.1 6.2
2 11 13.9 8.5 7.0
3 3:1 3.8 0 0
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3.4 Summary and conclusions

Plasma nitriding with an active screen containsuaety of mechanisms contributing to
the nitriding process. Depending on process camhii plasma unit size and design, one or
another mechanism dominates. The application ofnpda diagnostic methods provided
valuable knowledge about the plasma processes authanisms during the real nitriding
experiments in industrial scale plasma setups. @belication of two spectroscopic
techniques TDLAS and QMS for monitoring the reatsion the H-N, plasma provided us
the information about the concentration of actiieogen species playing a decisive role in
the nitriding process. The generation rate of thenania obtained from the diagnostics seems
to correlate well with the nitriding results, hoveewnot for the /N, gas ratio exceeding
50%. Nevertheless, a combination of two diagnastthods applied for the first time in the
ASPN process has proven their applicability forestgation of nitriding mechanisms at

certain process conditions.
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4  On kinetic and chemical phenomena in

dust producing RF plasmas

In Ar and He radio frequency (RF) plasmas with admes of GH, and CH the
hydrocarbon chemistry have been studied in relaiodust particle formation by means of
infrared tunable diode laser absorption spectroscODLAS) combined with Fourier
transform infrared (FTIR) spectroscopy. The experitsa were performed in a RF
capacitively coupled parallel plate reactor at eqirency off=1356 MHz, a pressure
of p= 0.1 mbar and a flow rate ap= 8 sccm of Ar or He with admixtures of 0.5 sccaHg
or 1 sccm Chl The power wad= 15W. Using TDLAS, the temporal evolution of the
concentrations of the methyl radical and of foab$t molecules, £1,, CH;, CGH4 and CO,
have been monitored in the plasma. Simultaneotistygrowth process of the dust particles
was analysed by FTIR spectroscopy. The degreessbdiation of the acetylene precursor
was found to be nearly constant in the range of 8é#er stabilized conditions for both the
Ar and He plasmas. In contrast, the degree of digson of the methane precursor varied
between 45% and 90% depending (i) on the appeardrdigst particles in the reactor volume
and (ii) on the Ar or He plasma conditions. The lmgetadical concentration was found to be
in the range of 1@ molecules ciii. The concentrations of all hydrocarbon speciesewer
strongly correlated with the dynamic of the dustnfation. Fragmentation efficiencies of
acetylene Re (CoH) = 3.2 x 16° moleculesd) and of methane R¢ (CH4) = (0.16 —
2.5) x 18° moleculesJ) and conversion efficiencies to the produced hyaroons
(Rc = (0.23 — 8.5) x ¥ molecules J) could be estimated in dependence on the discharge

conditions in the RF plasma [20].
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4.1 Introduction

In reactive low temperature molecular plasmas tremétion of dust is a well-known
phenomenon [21-23]. Numerous properties of dustysmbs and dust particles were
extensively analysed in the last decades. Thisuded dust formation, particle growth,
astrophysical importance of dust, build-up of stigncoupled systems, formation of voids
and many other aspects. Different source gas cabipws are used in reactive plasma
processes to produce nano- and micro-sized partididditionally to the thin film deposition,
dust particles can be produced by reactive plasshangrization, depending on the discharge
conditions such as gas flow rate, input power aedsure [24, 25]. Dust as the by-product of
thin film deposition or plasma etching can serigusbteriorate the quality and reliability of
the products in semiconductor industry [26]. On ¢iieer hand, dust particles embedded in
thin films can significantly improve their propessi [27]. The controlling of the dust particle
formation to either suppress or to enhance them#&tion and how to design dust particles
with tailored properties is still a challenge [28].

In recent years numerous studies on hydrocarb@malahemistry [29] and controlled
dust particle formation in hydrocarbon plasmas Hasen reported [30-35]. Depending on the
precursor gases and background or matrix gaseswdlinsdifferent chemical compositions
and different crystalline structures has been predy28, 33]. Using a capacitively coupled
pulsed radio frequency plasma it was possible pprass or enhance the production of dust
in hydrocarbon plasmas by applying different puissgjuencies and duty cycles [35, 36],
following the experience for a silicon-based plasi3@]. The physical and chemical
properties of both the active phase and the pladtesglow seem to play an important role in

dust formation [35].

Frequently GH, and CH have been used as main chemical precursor gasesiior
particle formation in plasmas. TheH; containing plasma has a much stronger tendency to
form dust. To initiate the nucleation of dust pmsouw in CH, plasmas some amount ofHG
is needed [37].

In a number of mass spectroscopy [23, 31, 38] amdhdband infrared absorption
spectroscopy [23, 32, 33] studies the behaviouditdérent neutrals, ions and ionic clusters
has been analysed in hydrocarbon-based dust forplagmas. Mass spectroscopy studies
usually can reveal the dominant plasma chemistrpdymts but absolute species

concentrations are difficult to determine, in partar, in the case if radicals are concerned.
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Therefore, the relevant reaction pathways for plertiucleation are difficult to deduce. These
pathways can be better understood by coupling @aand chemistry modelling [39, 40].

However, basic plasma chemical phenomena arastifully analyzed.

For a better understanding of the plasma chemit&n@mena in dust-producing
discharges information about the time-dependenblates ground state concentration of
precursor molecules and of transient and stableecotr products in relation to the dust
formation would be very helpful. Tunable diode laabsorption spectroscopy (TDLAS) in
the mid-infrared spectral range using lead sablirlasis radiation sources has been proven to
be a versatile diagnostic technique. In particul@]AS is well suited for the measurement
of absolute ground state concentrations of a wideety of molecular species including
radicals and molecular ions thereby providing & lwvith chemical modelling of the plasma
(see [41] and references therein). Until now, ttemapplications of TDLAS have been for
investigating molecules and radicals in fluorocarbetching plasmas and in plasma
containing hydrocarbons [41]. Based on the TDLASthoé online measurements with
temporal resolutions down to thes-range can be performed [41]. Such time-resolved
observations of concentration changes of molecpacies, e.g. after abrupt changes under
experimental conditions, can provide valuable imfation about kinetics in the plasma and
can be used to estimate gas phase reaction canstasurface reaction probabilities [42-44].

The recent development and commercial availabditypulsed and continuous wave
guantum cascade lasers (QCLs) for wavelengths taihge 3.4um and inter-band cascade
lasers (ICLs) for shorter wavelength offer an ativ® new option for mid-infrared laser
absorption spectroscopy (IR-LAS) for plasma diagicopurposes. Distributed feedback
(DFB) QCLs provide continuous mode-hop free wawvgllentuning. Their total emission
range is typically limited to less than 7 ¢nRecently tunability over much broader spectral
ranges than with a typical DFB-QCL has been acldeusing external cavity (EC)
configurations. Nowadays, EC-QCL, which are avddam pulsed or continuous wave
working mode, can be tuned over more than 100 emd provide mode-hop free tuning
ranges in the order of 80 €nj45]. Meanwhile the varieties of QCLs and ICLs agiing at
room temperature are considered as substitutesryogenic cooled lead salt lasers, which
have led to a rapid development of IR-LAS from ahmei position to a standard diagnostic
technique [46, 47]. In conjunction with integrate&B gratings, the emission wavelength of
this new class of thermoelectrically cooled semittantor lasers can be custom tailored over a

wide range throughout the infrared molecular fipget region. Recently in a study of the
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nucleation-growth cycle of carbon nano-particleg thcetylene concentration has been
monitored using QCL absorption spectroscopy unitkeitag experimental conditions as in the
present investigation [48]. Hundt and co-workengoréed a relation between of the growth
cycle period of particles to the initial acetylec@ncentration and a strong decrease in the
concentration of the acetylene precursor gas wisitchdrge power [48]. An unexpected
temperature dependence of the dust particle groatéhin low pressure AriEl, plasmas was

described by Beckers and Kroesen [49].

Unfortunately, for wavelengths longer than i the number of commercial available
QCLs is rather limited. For the detection of thetmykeradical they, band at 16.;um is a

promising spectral region, but here no QCLs ard@abla as radiation sources. Therefore, for
this study the traditional TDLAS technique has belensen.

In the present investigation the hydrocarbon cheynis relation to dust particle
formation in Ar and He RF plasmas of a capacitivebypled parallel plate reactor with
admixtures of @H, and CH has been in the centre of interest. Using TDLA®, temporal
evolution of the concentrations of the methyl ratlend of four stable molecules;H3, CH,,
C,H, and CO, has been monitored in the plasma. Simedtssly, the growth process of the
dust particles was analysed by Fourier transforfraied (FTIR) spectroscopy. One of the
objectives was to determine the fragmentation iefficies of the precursor molecules and the
conversion efficiencies to the produced hydrocasbddnother focus was the analysis of
correlations between the dynamic of the dust foiwnatnd the time dependence of molecular
concentrations and the differences found in Ar- Hegdominated plasmas.

4.2 Experimental

The experimental arrangement of the capacitivelypted parallel plate reactor with the
TDLAS and FTIR spectroscopy systems is shown iarégl.1. The electrodes are made of
stainless steel, had a diameter of 30 cm and wegddd inside a 50 cm diameter 30 cm high
stainless steel cylinder chamber. The electrodewhjeh can be varied externally, was fixed
to 8 cm in these experiments and the electrodesyamenetricallydriven at a frequency of
f= 13.56 MHz. The power applied to the electrodes Bal5 W measured before the match
box and the discharge was driven in continuous wagde. The match box was adjusted to

keep the reflected power to less than a few pet oérthe forward power. The specific
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advantage of this discharge arrangement is theivella large electrode diameter, which
guarantees a rather homogeneous confinement gfatttieles and a high sensitivity for line
of sight diagnostics as infrared absorption spectipy. The experimental setup was
described in detail in [23, 34, 36]. During plasoperation the pressure wgs 0.1 mbar for
flow rates of@= 8 sccm of Ar or He and admixtures of 0.5 sccnCgl, or 1 sccm of Chl
The pressure was regulated by mass flow contradledsa throttle valve in the exit port to a
turbo molecular pump with a maximum nominal pumpépged of about 150 s The gas

residence time was approximately 1 min [23, 34].

The experiments were performed in Ar or He domithafgasmas following a

standardized procedure.

(i) The Ar plasma caseAfter flushing the chamber with pure Ar first
nano-particles are formed in a plasma polymerimapoocess with acetylene as
precursor gas [34, 50]. From former studies ind@ie reactor it is known, that in
Ar/C,H, discharges dust particles are formed spontane@v&y at the relatively
low power ofP= 15 W, which has been used in the present expetgnAfter this
first dust initiation period, with a length of ado®imin, the acetylene admixture
was stopped and after 2 min of pure Ar plasma gubst by a methane admixture
of 1 sccm, while holding the Ar flow constant. Téxeperiment was finished after
the dust, which had been produced during the metladmixture, reached a
critical particle size and disappeared out of thsclthrge zone caused by
developing of a void, i.e. a particle free regiaside the plasma volume [51, 52].

The whole duration of this experiment was of a tergf about 41 min.

(i) The He plasma casdn this experiment Ar as main feed gas was
substituted by He. Again after flushing the chami@h pure He, a flow of
@= 0.5 sccm of gH, were added to the feed gas and the plasma washedibn
to initiate the formation of first nano-particledfter this first dust initiation
period, with a length of about 19 min, the acetglemmixture was stopped and
after 2 min of pure He plasma substituted by a arehadmixture of 1 sccm,
while holding the He flow constant. The experimemts finished after
further 11 min, while monitoring the molecular centrations by TDLAS and the
dust production via FTIR spectroscopy. The wholetian of this experiment was

of a length of about 32 min.
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Figure 4.1: Experimental arrangement: top view [20].

For the time resolved infrared TDLAS measurememesgnted here a compact and
transportable infrared multi-component acquisitigystem (IRMA) was used. While the
optical setup of IRMA allowed the parallel usageupfto four different lasers, for improved
signals and sensitivity reasons only two lasersevegrerated in parallel in the present case,
sharing the same beam path through the chambal. imeasurement cycles one of the lasers
was used to monitor the concentration developmeih@H, and GH», used as hydrocarbon
precursor source gases, while the second lases@&asted to monitor one of the molecular
products of the plasma chemical processes. Therefoithe present case the concentrations
of CHz, GH4 and CO have been determined in separate measureysas. A detailed
description of the IRMA system and of the rapidrssaftware used for data analysis can be

found elsewhere [17].

Table 4.1: Species, spectral positions and line strengths @methe TDLAS measurements.

Species Spectral position Absorption line strength Ref.
[cm™] [cm™/( molecule cnt )]
CH, 1302.777 2.357E-20 [34]
C,H2 1302.595 1.199E-19 [34]
1302.889 4.622E-21
CH; 606.1203 4.53E-19 [35, 36]
CoHy 888.3572 6.106E-21 [34]

co 2169.198 4.440E-19 [34]
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The infrared laser beam from the IRMA system haddiameter of about 2 cm and was
transferred using gold-coated mirrors via KBr-windoto an optical long path cell (White
cell type [53], 36 passes, absorption length: ti)5which was mounted to the plasma
chamber for improved sensitivity (figure 4.1). TH®de laser beam leaving the cell was
focused on a standard HgCdTe infrared detector myoff-axis parabolic mirror. The
identification of lines and the determination oéithabsolute positions were carried out using
well-documented reference gas spectra and an et#lcknown free spectral range for
interpolation [52]. Spectral positions and absanptiine strengths of molecular ground state

absorption lines used for the measurements aegllisttable 4.1.

It should be noted that the absorption line stieraftthe second, weaker,d; line
at 1302.889 cf is not included in the HITRAN database [54]. There it had to be
determined from the ratio of their relative absimmptompared to the line at 1302.595%tm

The absorption line strength of the &HQ(3,3) line used here was taken from the work
of Stancuet al [55, 56]. For the calculations of the concentradi@ gas temperature of 300 K
was used since this as a good average for the egapetature over the line of sight,
comprising the active zone between the dischargetredes and the afterglow surrounding
them, and over the course of the measurement. t€Bmperature was justified by earlier
measurements [57] where 306 — 333 KO K was found with dust above the electrodes and

293 K with Ar only, at the same pressure and digghaower oP= 15 W.
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spectrum from BO.



74 Chapter 4

In the plasma volume the growth process of theigdest was monitored by means of
FTIR spectroscopy. To monitor the particle growta temporal evolution of the absorbance
at 5000 crit was measured. This approach ifoisitu detectionof the particle growth in the
reaction chamber is described in more detail is.rgf3, 33]. Briefly, the IR beam from the
FTIR spectrometer (Bruker) was directed through Kndows in the plasma chamber and
was focused with a focal mirror onto an externgiiiil nitrogen-cooled HgCdTe detector. By
means of a multi-pass technique, it was possiblactieve an optical path length in the
plasma of up to 7.2 m, i.e. 24 passes. The dianoétdre beam was about 2 cm. Due to the
reflections of the beam in the multi-pass celldhea monitored by the FTIR spectrometer has

the dimensions of about 2 x 5 &m

4.3 Results and discussion

4.3.1 General features of species concentratiombsparticle growth under Ar

and He plasma conditions

The time dependence of concentrations of molemgacies measured by TDLAS in Ar
and He plasmas with admixtures ofHz or CH,, the degree of dissociation of the precursor
gases combined with the-situ absorbance measurement of the FTIR system at G@00
monitoring the formation of dust in the reactor rcier, are shown in figures 4.3 and 4.4. The
left columns of figures 4.3 and 4.4 present theeexpental data measured in the Ar plasma
case, while in both figures the right columns repre the conditions found in the He plasma
case. The experiments have been structured initirdiéferent phases, which characterize the

change in important plasma and particle parameteestable 4.2.

In figure 4.3 the time-dependent concentration$iv& molecular species, GHCH,,
C.H,, CH4 and CO for the Ar and He plasmas, are shown. Adaeed in the former
chapter, the concentrations ofHz and CO have been determined in separate measugemen
and are included for completeness here. In thelbsaa case the concentration gHE was

below the limit of detection of about amolecules cni.

Figure 4.4(a) gives the absorbance at 5000 cneasured by the FTIR spectrometer
showing one period of the periodical particle giodwbm the initiation of the nucleation up to

a critical particle size and the disappearanceobtite inner reactor volume, as described in
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[51, 52]. In figure 4.4(c), the degree of dissdoiatof the precursor moleculesk; in phase
Ar 1 and of CH in the phases Ar 3-5 is shown.

The right column of figure 4.4 is structured in @mparable way for the He plasma
case. Figure 4.4(b) again gives the absorbanc@0&t &m' for monitoring a possible particle
nucleation and growth, while figure 4.4(d) depidt®e degree of dissociation of the
hydrocarbon precursors for phases 1 and 3 of therarent.

Table 4.2: Experimental phases of the measurements in thed\Ha plasma case.

Phase Plasma Hydrocarbon Status of Particle Formation
on/off Precursor Gas
Ar0 Off C,H, No growth
Arl On GH, Initiation of nucleation
Ar 2 On None No further growth
Ar 3 On CH, Growth of particle diameter up to maximum
Ar4 On CH, Particles start to disappear from reactor volume
Ar5 On CH Reactor volume free of particles
He O Off CH, No growth
He 1 On GH, Slight initiation of nucleation
He 2 On none Reaching of a distinct maximum of nemnand
size
He 3 On CH Small particle number present
Ar He
[Phase0 12 3 450 1 2 3
({)g‘ 1E14y. Figure 4.3:
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Figures 4.3 and 4.4 give an overview of the degfaBssociation as well as the product
concentration which ranges over four orders of rntage. Some useful generalizations
follow from this figure. There are some differendetween the species concentration time
profiles measured in the Ar and He plasma cas¢hdnHe plasma case ngHL could be
found in the limit of detection, while in the Argdma case the concentration of th&lC
product was in the order of about 4 ¥*4folecules cii. The degree of dissociation of the
acetylene precursor was found to be nearly constatite range of 96% under stabilized
conditions for both the Ar and He plasmas. Herghituld be noted that in a former study a
slightly larger degree of dissociation of up to 98%s been obtained at an essentially higher
power value oP= 80 W in the Ar/GH, plasmas by measuring the decay of Ar metastables i
the plasma afterglow [57]. The reasons for thehsldggviation between the TDLAS results
presented here and the Ar metastable decay timsurezaents are (i) the higher discharge
power, but also (ii) the fact that the Ar metastabdre only present in the active space of the
plasma, which makes only a part of the TDLAS absonpength. The outer-electrode space

where the acetylene is not dissociated contribaetistively to a decrease in the degree of
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dissociation measured by TDLAS. Recent measuremesimg QCL absorption spectroscopy
reveal 99.5% as degree of dissociation gfifunder comparable discharge conditions [58].

In contrast, the degree of dissociation of the muethprecursor varied between 45% and
90% depending (i) on the appearance of dust pastia the reactor volume and (ii) on the Ar
or He plasma conditions. The methyl radical comegimin was found to be in the range
of 10'* molecules cri for both plasma cases. It is interesting to nibtat the concentration of
the methyl radical could be stably monitored onlythe case when CHvas used as the
precursor gas. In the initiation phases of the eatabn, Ar1 and He 1, the methyl
concentration was below the detection limit of abbif® molecules cii. The concentrations
of all hydrocarbon species were strongly correlatgti the dynamic of the dust formation.
This is in particular obvious in the behaviour bétdegree of dissociation of the methane
precursor in the phases Ar 3 and 4. With the disaance of the dust particles out of the
monitored reactor volume, the degree of dissoaatlecreases from about 90% to nearly
65%. Further details of the concentrations dynamresdiscussed in the following section.

4.3.2 Dynamic of the species concentrations

In figure 4.5 the time dependence of the relatiesacentration of the hydrocarbon
precursor GH, at the beginning of the Ar and He plasma experisjere. the transition
between the phases Ar 0 and Ar 1 and between Hhel Ha 1, is shown. The concentrations
of these experiments have been normalized for eleasibility of the dynamic effects. As
expected, in the reactor with the ignition of tHasma the concentration obld; decreases
relatively fast, in the Ar plasma case even abwaide as fast as in the He plasma experiment,
i.e. in about 17 s (Ar plasmaa3) respectively in about 34 s (He plasmag,J a stable value

of the degree of dissociation of nearly 96% is heac

For the Ar plasma case this dynamic behaviour hiasdady been observed by
Kovatevi¢ and co-workers using a mass spectrometer for wramif the mass 26 (acetylene)
[28]. They found exactly the same time of abousX@r comparable experimental conditions
at a power oP= 15 W. In the paper of Kovavi¢ et al also a strong change of the slope of
the concentration decay is reported a few secofteisthe discharge ignition.
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Figure 45: Relative concentration of the-igure 4.6: Relative concentration of 8,
C,H, precursor in Ar ) and He @) RF in Ar (o) and He &) RF plasmas as a
plasmas as a function of time in th&nction of time in the transition between the
transition between the experimental phasegperimental phases Ar 2-3 and He 2-3, see
Ar 1-2 and He 1-2, see table 4.2 [20]. table 4.2 [20].

The same effect can be seen in the present TDLA®/ sshowing two distinct slopes
of the decreasing £, concentration after igniting the discharge. ThHi®mpomenon appears
not only with Ar, but also, with different slopeatacteristics, in the He plasma case. In [28]
these two slopes are related to two phases of gtosiuction, nucleation and formation of
bigger particles, connected with increasing electemperaturél,, being responsible for a
faster depletion of the acetylene precursor. Furthévatevic et al found essential
differences in the particle growth rate while commpg N, and Ar plasmas. In the,tase the

growth rate was three times higher than in theased?28].

In this study the reactivity rate of the He-domethtplasma in terms of the,ld;
depletion seems to be considerably reduced compartd the Ar case. This can be
concluded from the time dependencies shown in éigub but also, even more impressive,
from the comparison of the absorbance data at 6600presented in figures 4.4(a) and (b).
From figure 4.4(b) combined with figure 4.5 it che concluded, that a relatively small
nucleation of particles is initiated, reaching atidict maximum in the phase He 2, with
absorbance values of about 20 times smaller aRenAt case. In phase He 3 the particle

nucleation and growth processes are obviously agfarary low efficiency.

A different reactivity of the He plasma comparedhathe Ar plasma case can also be
found by analyzing the temporal behaviour in ttasition phase Ar 2-3 and He 2-3, i.e. as
CH,4 has been used as hydrocarbon precursor inste@gHof In figure 4.6 the normalized

increase in the £, concentration produced from the admixed,Gifecursor over time is
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shown. In the Ar plasma case the maximum of thid,Concentration is reached within less
than 60 s, which is in the order of the residenoe tof the reactor. In contrast, the He-
dominated plasma requires about 7 min to reachldesvalue of the &1, concentration. But

it is necessary to underline, that thgHgproduction in the Ar case leads to concentratains
about 16? molecules cii, while the He plasma achieves nearly a one orélenagnitude
higher acetylene concentration tiéholecules cil) and this even at a much smaller degree

of dissociation of Chlof less than 50%, see figure 4.4.

A further remarkable difference of both plasma sas&n be found near to the end of
both experiments. In the He plasma case the comtiems of CH, C;H,, CHsand even CO
are relatively stable in phase He 3, see figure h.8ontrast, in the Ar plasma case several
interesting features of the temporal behaviourhef molecular concentrations related to the
disappearance of the particles have been detestedyn in figures 4.7 and 4.8. With the
beginning of phase Ar 4 the particles start to moue of the volume of observation, see
figure 4.4(a).

This process changes the plasma conditions, wheaflected (i) in a reduced degree of
dissociation of the precursor GHii) in an increasing concentration of the pradGgH, and
(i) in a slightly decrease of the methyl concatitn. Directly at the transition between the
phases Ar 4 and 5 the remaining particles tendattish in a very short time scale. The
changing plasma conditions, in particular the loWigrcan be seen immediately in a steep
decrease in the methyl radical concentration, wiscreduced of about 25% within a time
of T;= 5.4 s. After reaching this minimum the methyl centration increases again within a
short period of about ;¥ 7.2 s, and then further shows a relatively caristalue. It is
worthwhile to compare the temporal behaviour of thethyl radical concentration at the
transition of the phases Ar 4-5 with the depletafhacetylene in phase Ar 1, shown in
figure 4.5. The specific dynamics of the methylicatlconcentration, shown in figure 4.8(b),
can be interpreted as a proof for a new start efniincleation process of the dust production
after about 12.6 s, i.e. afteg ¥ T, from the disappearance of nearly all particles afuthe
volume of observation in the reactor. Furthersitriteresting to note that the gladical,
which has a life time of about 40 ms, is a fast aedsitive probe of changing plasma
conditions [55]. The concentration of stable molesus much less appropriate to study faster
processes, because of the residence time of abamin in the reactor volume. Nevertheless,
the increasing Cliconcentration shows an interesting temporal behavas a proof of a

considerable change of the plasma conditions. tticpéar, there are three obvious inflection
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points in the concentration curve, which are ireclirtime coincidence with the decreasing
CHs concentration, see figure 4.8.

Concerning the detected CO it should be mentiotleat, the authors assume, that
oxygen for the CO production was provided by ungjgetlayers inside the reactor, which
can act as a source of adsorbed oxygen for quaegatime. The CO concentration was found
to be in the order of Z®molecules cii or less, depending on the discharge conditions.
Therefore, the monitored CO represents about 18ésgrof the carbon atoms available in the

plasma reactor.

[phase

[phase

o ©
\l

o

absorbance [a.u.Jconcentration [1§ molecules cri]
concentration [18 molecules ci]

0.10]
0.05
0-00': } i } i ¥ ] ' ; ' }
32 34 36 38 40 -20 -10 0 10 20 30
time [min] relative time [s]

Figure 4.7: Molecular concentrations inFigure 4.8. Detailed view on the temporal
Ar RF plasmas with admixtures of ¢ in behaviour of the concentrations of ¢Kh)

the experimental phases Ar 3-5, see talded CH (b), in an Ar RF plasma as a
4.2, as a function of the time ((a) &H function of time in the transition between the
(b) GHa, (c) CH) and (d) the absorbanceexperimental phases Ar 4-5, see table 4.2
at 5000crt, measured by FTIR,[20].

monitoring the dust production in the

reactor [20].
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4.3.3 Fragmentation and conversion efficiencies

For further insight into plasma chemical conversithe experimental data concerning
acetylene and methane dissociation were used itbastabsolute fragmentation efficiencies
of C;H, and CH and conversion efficiencies to the observed meanaycts CH, CH,, GH,4

and CH. The efficiencies are normalized for the dischageer.

The fragmentation efficiencig- of the hydrocarbon precursor molecules, acetyéame

methane, is calculated by analogy to ref. [58,a&59]

1 DN
=¢p, —-—— 0 4.1
Re P 6010C P (4.1)

whereRe has units of molecules',J®y is the precursor flow rate (sccn),is the percentage
degree of dissociation of the precursor moleculgsis the number of molecules per tat
STP (2.69 x 18 molecules ci) andP is the power in W.

The conversion efficiencyRc, to plasma product molecules is expressed anasbgas

q)total @ 1
molecule 60 p P

RC =n (42)

where R: has units of molecules') Nmoecure iS the measured molecular concentration in

molecules cii, Py is the total gas flow rate in sccmis the pressure in mbar aRds the

power in W.
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Fragmentation efficiencies of acetylenes (R:H,) = 3.3 x 16° molecules 3, and of
methane, R(CH,) = (0.16 — 2.5) x 1§ molecules 3, and conversion efficiencies to the
produced molecular species in the range=R0.23 — 8.5) x 1§ molecules 3 could be
estimated in dependence on the discharge conditiotise RF plasma. The efficiencies of
conversion to particular reaction products are thase the measurements of absolute

concentration values.

Figure 4.9 shows as an example the respectiveiesflies of fragmentation of
acetylene depending on time for the Ar and He péasase. It is interesting to note that after
a time of about 30 s the final fragmentation effiry of GH, is identical in the Ar and He
plasma case. Further detailed information aboutveslt fragmentation and conversion

efficiencies representing selected phases of thendlrHe plasma case is given in table 4.3.

It should be mentioned that the values of the ¢ated fragmentation and conversion
efficiencies of the present RF plasma are comparaébl values found in surface wave
discharges and in planar microwave plasmas [58, BB]general, in this study higher

conversion efficiencies have been found for thepldema case.

Table 4.2 Fragmentation efficiencies, RF, and conversioncigficies, RC, of different
experimental phases in the Ar and He plasma case.

Phase Fragmentated Rr Produced Rc
molecule [molecules J Molecule [molecules J']

Arl CH, 3.2 x 16¢

Ar3 CH, 2.5 x 10¢ CHs 2.6 x 16°
CH; 9.9 x 18°
CoH. 3.4 x16°
CcO 1.7 x 16*

Ar5 CH, 1.7 x 16° CHs, 2.3 x 16°
CH, 1.8 x 16*

He 1 GH, 3.2 x 10¢

He 3 CH 1.6 x 16° CH; 3.2 x 16°
CoH, 8.5 x 16*

CcO 6.9 x 13*
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4.4 Summary and conclusions

In this study it has been possible to determineatisolute ground state concentration of
the methyl radical and of four stable species uadside range of experimental conditions by
infrared diode laser absorption spectroscopy piogic link with the dynamic behaviour of
the dust formation in a capacitively coupled RFcd&ge, the ultimate objective being a
better understanding of chemical and reaction kin@tocesses occurring in dust-producing
plasmas. Although several molecular species corat@ns have been monitored in absolute
scale, the mass balance of the whole dust produgreress is far from being
comprehensively analysed. Future studies shoulddedi) further stable, in particular higher
hydrocarbon molecules as well as other importatgrinediates, but also (i) a quantitative
analysis of the dust production rate in the disgbain addition to Cklthis includes other
free radicals, as for examplet; CH, and CH and would lead to an improved modelling
potential based on reliable reaction rates, whieh essentially required as well as more

kinetic data on elementary reactions.
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5 On surface relaxation of vibrationally

excited nitrogen

A new method for the determination of the wall det@ation probabilityyNz of

vibrationally excited N on different surfaces exposed to low-pressurenmashas been
developed. A short DC discharge pulse of only a feNiseconds was applied to a mixture
containing 0.05 — 1% of COn N, at a pressure of 133 Pa. In these low pressuréittoms
the main quenching process of(¥y is heterogeneous relaxation. Due to a nearlynasofast
vibrational transfer between,{\) and the asymmetriv; mode of CQ the vibrational
excitation of these titrating molecules is an imagée degree of vibrational excitation of.N
In the afterglow, the vibrational relaxation of €@as monitoredn-situ using quantum
cascade laser absorption spectroscopy (QCLAS)eXperimental results were interpreted in
terms of a numerical model of non-equilibrium vifiwaal kinetics in C@N, mixtures.
Heterogeneous relaxation was the main quenchingepsoof M(v) under the conditions of

this study, which allowed determination of the \eabf y, from the best agreement between
the experiment and the model. The new method tsigei for j,, determination in a single

plasma pulse with the discharge tube surface ptetleby a low-pressure plasma. The
relaxation probability of the first vibrational leof nitrogeny;= (1.1 + 0.15) x 10° found for
Pyrex and silica is in reasonable agreement wihliterature data. Using the new technique
the No(v= 1) quenching probability was measured on J#Drface )= (9 + 1)x 10°. A linear
enhancement of the,[¥) wall deactivation probability with an increasetire admixture of
CO, was observed for all studied materials. In ordezxplain this effect, a vibrational energy

transfer mechanism between(iy and adsorbed GQOs proposed [1].
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5.1 Introduction

Vibrationally excited N plays an important role in plasma chemistry, geseis and
atmospheric re-entry [2-12]. In nitrogen containpigsmas, vibrationally excited,{¥) acts
as an energy reservoir that affects electron kisgtthemistry and thermodynamic properties
of the plasma. In the case of gas discharges faog@h-containing mixtures, electron impact
excitation of N vibrations often dominates the energy balancaée®tectrons [2, 7, 8].

The vibrational-translational/rotational (V-T/R)la®ation in N is very slow [4, 13-14].
Therefore, high degrees of vibrational excitatioh Ny may be reached under typical
discharge conditions. In bounded laboratory plasmelaxation on the reactor walls is the
most efficient N(v) loss mechanism for pressures up to few tens @rsfgt]. Therefore, the
knowledge of the heterogeneous deactivation préibabaf N, is crucial for plasma

modelling.

The number of experimental studies devoted to theerchination of MV) loss
probabilities on different surfaces is rather ledit[15-19]. The main difficulty in such
experiments is the detection of vibrationally eaditnitrogen that does not exhibit dipole
allowed transitions in emission and has absorpfieatures only in VUV. Therefore,
calorimetric methods [15], spontaneous or coheRaman scattering [16-18] or infrared
titration with CQ [19] were used in the past. Typically, all the exments were carried out in
a flowing discharge system and the concentratioN,0f) was measured as a function of the

distance in the post-discharge. The probabilityibfational quanta losses in collisions with

the wall (), ) was determined from the measured decay-0f)NOne of the shortcomings of

the described techniques was the uncontrollablasgirstate under flowing post discharge

exposure. Authors [16-18] pointed out drifts in sw@d values of, with increasing

exposure time.

The list of materials for which the,[¥) quenching probability has been determined so
far is relatively short. Modelling of Ncontaining plasmas for new applications such as

material processing [9, 20] or plasma-catalysttedbgy [21] requires the knowledge gf

for a broad range of surfaces. Moreover, the proldé surface state modification by plasma
exposure has to be adequately addressed. The geasib of a simple and reliable technique

for in-situ yy> determination was therefore the main motivatianttiss study.

In this work we use the idea of titrating vibratatly excited N by a small amount of an
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infrared (IR) active molecule, GOn our case, a method already proposed in [19F Ga
mixtures containing 0.05 — 1% of G N, were excited by a pulsed DC discharge at a
pressure of 133 Pa in a cylindrical discharge tubme resolved quantum cascade laser
absorption spectroscopy (QCLAS) was used to follbesrelaxation kinetics of CQOn-situ.
Due to a very efficient vibrational coupling betweaitrogen and carbon dioxide, the
excitation of titrating molecules reflects the dsgrof vibrational excitation of N The
experimental results were interpreted using a nigalemmodel of vibrational kinetics

in CO-N; mixtures. This approach allowed the determinatbry, from the best accord
between the measurements and the simulations wsiifg j,, as the only tuning parameter

of the model.

5.2 EXxperimental

5.2.1 Discharge setup

The schematic diagram of the experimental setupshiewn in figure 5.1. The
experiments were performed in a cylindrical reactb60 cm full length and of 2 cm inner
diameter. The central 40 cm long interchangeablé giathe discharge tube was made of
fused silica, Pyrex or fused silica coated withokgel TiO, film. The vacuum system was
pumped using an oil-free scroll pump to a basespiresof 0.1 Pa. The typical gas pressure
during the experiments was 133 Pa. The working was prepared by mixing of ;N
(99.9999% purity) with a pre-fabricated mixture taning 1% of CQin N,. The typical CQ
admixtures were in the range of 0.05 — 1%. After filing, the discharge tube was shut off
from the vacuum system using two pneumatic valvVeéen single plasma pulse experiments
were carried out under static conditions. Afterledischarge pulse the reactor was refilled

with a new gas mixture.

A pulsed DC discharge was created by applying & kitage to a pair of electrodes
via a 60 K ballast resistor (. The discharge voltage was measured with a H\begro
(LeCroy PPE20KkV). The discharge current was dedutedh the voltage drop on an
18.4Q series resistor placed between the cathode andrthumd. Both current and voltage
signals were digitalized using an oscilloscope (loyCl4Xi, 400 MHz). A typical rise time of
the discharge current was @6, the pulse duration was chosen to be in the rahfje- 5 ms.

The discharge current was set by adjusting the itudpl of the applied high voltage, all the
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experiments were done withe 50 mA andUyy= 4.6 kV. The injected energy was about
0.3 J per pulse. Before a series of measuremengssteaited the reactor was cleaned by
flowing discharge in argon for 30 min at a presafr26 Pa.
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i -—?? L BN ??_- )
S | Z Figures.1:

o s e = T
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R ~ HV
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—| LeCroy 760 Zi

Function
Generator
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5.2.2 Quantum cascade laser diagnostics

The detection of CQ was performed using a three-channel QCLAS spectemme
TRIPLE Q [22] dedicated to time-resolvadsitu gas sensing. In this study only one channel
of the TRIPLE Q system was used. The QCL was opérat theintra-pulse modewith
typical pulse lengths of the order of 100 — 20(023-24]. The QCL (Alpes Lasers) was
housed in a temperature-stabilized laser head padhted by a pulsed laser driver (Q-MACS
Basic, neoplas control). The divergent laser ramhatvas collimated using an off-axis
parabolic mirror. This beam was directed three sitfgough the discharge tube and finally
focused onto a fast detector (IRDM-600, neopladrotn The detector module contained a
temperature controller, which was specifically ata to the detector element (VIGO,
PDI-2TE-10/12) and pre-amplifier (bandwidth: 600 E|Hise time: 2 ns).

A detailed description of the laser setup and spscbpic data processing can be found
elsewhere [22]. The detector signal was recordeanbyscilloscope (LeCroy 760Zi-A, 6 GHz,
40 GS/s) and then analyzed on a computer. In otdeeliminate the absorption by
atmospheric Cg the whole optical path was covered and purgetllhyA single absorption
spectrum of the species of interest can be acquiradvery short time of the order of 100 ns.
The maximum duty cycle of the QCL used in this gtuds limited to 2% and therefore the
maximum pulse repetition rate was 200 kHz, which tke limit of the time resolution.
Typically, a train of 7600 successive spectra vea®nded in the memory of the oscilloscope
that corresponded to 40 — 400 ms of continuousisitigu.
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5.2.3 Calibration of absorption measurements

An inherent property of the QCL absorption meas@es in the intra-pulse mode at
low pressures is the so-called rapid passage d2é¢t It consists in the distortion of the
absorption features due to the non-linear effentghe interaction of the fast frequency
chirped and highly intense laser radiation with ¢éheemble of absorbing molecules [25]. An
example of a typical absorption spectrum of,GOshown in figure 5.2. As pointed out in
[27-28], due to the absorption line distortion, thieect application of the Beer-Lambert law
for concentration determination is not possible anchlibration is required. The calibration
was performed by introducing in the reactor a nrxtaontaining known concentration of
CO, diluted in N in the reactor. In this study the €828 transition of the (80—00°0) band
at 2324.976 chhwas used. The detection limit was found to bel®*% molecules cr.

0.6 2324.976 cil 1

o
B
T
1

absorbance [a.u.]

}
;
e

gy
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Figure 5.2: Absorption spectrum of GO Negative
absorbance peaks are due to the rapid passage ¢fiec

The integrated absorption coefficient can be wmittethe following form:
lo —MWikp (. _9i
[in (T) dv = —=By, (nl e nk) K (5.1)

where integration is performed over a fractiontad tlistorted absorption line until the point
where the logarithm turns zero as described in.[B2](5.1) Bk and vi are the Einstein
coefficient and the frequency of the observed items n; (nk), g (g« are the population and
the statistical weight of the lower or upper levadspectively,K is the calibration factor
accounting for the line distortion. Taking into aaat the Boltzmann relation betwesnand

nc and the total density of molecules on the loweECg(00°0)]=N;) and the upper
([CO,(00°1)]=N,) vibrational levels (5.1) can be expressed asvt
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E

B o FF . EiE
[ (%) av =%M<N0 — %o kaN1>K (5.2)

c Qrot

where E; and E¢ correspond to the rotational energy of the lowed &me upper levels

respectivelyQyt is the rotational partition function. Effectivel$.2) may be rewritten as
[ (%) dv = a(Ny — BNy) (5.3)

wherea is found from the calibration ang® = e&*" depends on the chosen transition. The

value of 5= 1.145 at 296 K was found using the valueg§dndE,, taken from the HITRAN
database [29].

At room temperature the G@, bending mode has a non-negligible population. This
means that the total density of €@iffers from the density of the molecules in threugnd
vibrational levelNo. This has been taken into account for the caidmaof the integrated
absorption coefficient against the value(df — SN;). The calibration curve is shown in

figure 5.3.

When working under equilibrium conditions at modergemperatures the contribution
of the stimulated emission may be neglectdg-(0). However, in non-equilibrium plasmas
high vibrational temperatures of ¥ 2000 — 6000 K are usually reached [2-9] and du®isd

term in equation (5.3) becomes significant.
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N,-BN, [10" cm’]
P P
= L

©
6}
T
I

0.0 1 N 1 N 1 N 1 L T
0 1x10° 2x10° 3x10°
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Figure 5.3: Calibration curve. Experimental points
are fitted with a third-order polynomial [1].
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5.3 Reaults: validation of the diagnostics method

5.3.1 Relaxation measurements in.GON,

The reactor was filled with mixtures containing @0- 0.5% CQin N; at p= 133 Pa
and a discharge pulse of 5 ms length with a curoént= 50 mA was applied. Figure 5.4
shows the time evolution of the value(®f, — BN;) using the fused silica for the central part
of the discharge tube. It should be noted thatattwuisition is made in single pulsemode

without accumulation.

2x10" - T T T —
0.5% CQ
Figureb5.4:
d’g Time evolution of the value
% 1x10% _‘m 0.33 % CQ| of (N, —BN;) after a [=50mA,
s \ WﬂmﬂwWWWWWMWW‘MM'“WMMMWMWW =5 ms pulse at 13Ba. The central

ol | 02%CQ|  part of the discharge tube was made

I ' ﬂw‘ g -

M 01%cCQ| of fused silica. Different curves

4 | Pt t AtaeU oe PER correspond to different initial
0, .

O plasmapuise | 0086%CQ  concentrations of CE1].
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t [ms]

The measured population difference undergoes adestease during the discharge
pulse followed by a relatively slow relaxation teetstationary level in the afterglow. The
stationary level of the value 0N, — SN,) after the pulse is about 15% lower than the ihitia
value which can be explained by the dissociationC&), in the discharge. In further
discussion we will show that the characteristicaxation time decreases with increasing

concentration of C®

5.3.2 Relevant processes

The fast decrease of the measured valu@Vgpf SN;) when the discharge pulse is

applied may be explained by three principal proegss

1. Variation of the rotational distribution of GQue to gas heating.
2. Dissociation of CQ
3. Vibrational excitation of C@
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As it was shown in [27], an increase in the gaspenature in the discharge may
significantly alter the transition line strength.hi3 effect has to be considered for
concentration measurements and may also be usdbeayas temperature determination in
some cases. In [30] we have measured the temparation of the gas temperature in the
discharge active phase and in the afterglow usiptical emission spectroscopy of the
N, 2" band at 337 nm. The plasma-induced fluoresceratwigue [31] was used in order to
obtain emission spectra in the post discharge. gdse temperature was deduced from the
fitting of experimental spectra using Specair saf®[32]. An increase of the gas temperature
by AT= 150 K was found at the end of a 5 ms 50 mA putsd33 Pa M. In our case
following the procedure described in [27] we hagt@neated a 30% decrease in the absorption
coefficient of CQ for the gas temperaturg= 450 K in the discharge active phase. This
proves that gas heating may have a strong effemtieider, in [30] it was shown that the gas
temperature reaches the temperature of the wathenpost-discharge within 2-3 ms. The
relaxation of the value diN, — BN;), shown in figure 5.4, is much slower and hence it
cannot be related to the thermal effects. One ade that the curves plotted in figure 5.4
exhibit no fast increase when the discharge ispatd@s would be expected if the variation of
gas temperature had a strong influence on the pii@ormeasurements. This may be due to
the three passage laser beam alignment which nasthes the cold gas in the vicinity of the
wall. Another factor contributing to the reductiah the temperature effect is the radial
redistribution of gas density caused by the tentpezagradient. At the tube axis the
concentration of neutrals decreases and at the 8ar@et increases in the cold zone near the
wall. Anyhow, in the discussion below we are ingted in the relaxation process that takes
place on the timescale of several tens of milliselsowhen the gas temperature is already in

equilibrium with the reactor walls.

The dissociation of COin the discharge with a subsequent recombinatiqgrraxiuced
CO and O at the reactor walls may also influenae kimetics of CQ in the afterglow.
However, surface association of oxygen atoms wdhba@n monoxide on silica surface,
O+COj,, is known to be inefficient [33] compared to thezambination of oxygen atoms,
O+0|y [31]. Therefore, it is unlikely that after 60% diegpon of the initial carbon dioxide in
the discharge the dissociation products recombao& mto CQ with only 15% of CQ being

eventually lost.

A test experiment was done in order to confirm kb efficiency of the O+CQ)|

recombination process under the conditions of shigly. A single discharge pulse with a
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length of 5 ms at a current bf 50 mA was applied in a mixture of CO/A#©0.5/49.5/50 at
a pressure of 133 Pa under static conditions. Tmeentration of C@ measured after the
discharge pulse was about 1 **olecules cii. A simple estimation shows that the
density of atomic oxygen at the end of the pulss imathe order of I8 cm®, the density
of CO was 1.5 x 1 molecules cii. Thus, even with an excess of atomic oxygen
recombination into C@does not exceed 10% of the initial CO concentnatibis evident that
under the experimental conditions shown in figurg e density of CO and O available for
recombination are approximately equal and they aways smaller than those in the
experiment with the CO/Ar/Omixture. Hence we conclude that the surface reeason of
CO and O has only a minor role under the conditmithis study. Therefore, 15% depletion
of the CQ concentration measured after the discharge psits®yn in figure 5.4, is the real

value of the degree dfssociation of C®in the discharge

It is concluded that the vibrational excitationtli® main process responsible for the
observed relaxation kinetics of G the afterglow. As follows from the precedingalission,
starting after about 3 ms in the afterglow, thelelegn of the value ofN, — SN;) relative to
the stationary late post-discharge level is deteechiexclusively by the redistribution of €O

molecules over different vibrational levels.

54 Modelling of vibrational kineticsin N»-CO, mixtures.
determination of y

5.4.1 Relaxation processes in CON,

Let us consider the processes responsible forelagation kinetics shown in figure 5.4.
During the 5 ms plasma ON phase vibrations of 0@ and N are efficiently excited by
electron impact [34]. In the afterglow, vibratiomalaxation of the mixture takes place due to
the exchange of vibrational energy between differandes of C@ and N as well as the

relaxation on the reactor walls.

It is known from a number of works [16, 35] thatetkdeactivation probability of
C0,(01'0) and CQO(P1) on glass surfaces is found to be in the range of- 0.18 — 0.4. To

the best of our knowledge there are no data aveilaédr thev; mode, but it would be

reasonable to suggest that the deactivation priyabf this mode is also relatively high.
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Under our conditions foy., > 0.1, the lifetime of the vibrationally excited €@ limited by

the diffusion towards the wall and does not exceéeohs. Experimentally observed
characteristic relaxation time was in the rangdeof tens of milliseconds. This proves that
vibrational excitation of C@persists in the afterglow. As it is shown in [135, 37], the

excitation of CQ in the post-discharge takes place in the V-V" axgfe process (R1).
Na(v) + CO(00°n) <> Na(v-1) + CO(00°n+1) (R1)

Figure 5.5 shows the diagram of the vibrationaklswof N and CQ, the vibrational
state notation is taken from [38-39]. For the fiesited levels, Nv= 1) and CQ00’1),
process (R1) is almost resonant and as a consegjitdscather fastg,= 7 x 10" cm® s* at
300 K [39]. As is shown later, the high efficienoy (R1) leads to the equalization of the
vibrational temperatures of-Nand the C@00vs). Therefore, the excitation of GG an
image of the degree of the vibrational excitatibiNg

It is known that in nitrogen the VT relaxation @om temperature is very slow, for
No(v=1) kyr= 7 x 10?2 cm®s? [13-14]. Thus, the relaxation of the low-lying rélional
levels is controlled by impurities and by quenchmg the reactor walls [2-4]. Under the
conditions of this study in pure;Nsurface relaxation is dominant due to the lowelexf
impurities in the gas used. According to [41] VTequhing by atomic nitrogen may be an
important source of Mv) relaxation. However, under our conditions at raemperature and
with the typical degree of dissociation of 1% [l VT relaxation by N atoms is negligible.
Relaxation caused by G®ecomes increasingly important upon the additioG©,.

2349 cm-1 2331 cm-!
(0310,1110)" — )
1933 cm-1 (0310,1110)
1388 cm-! 1336 cm-! (0220)
(0220,10°0)" 1286 cm-! (02°0,10°0)’
667 cm-1
(0170)
CO4(v4) CO;(vy) CO4(v3) N,(v=0)

Figure5.5. Diagram of the vibrational levels of,Mnd CQ [1].
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5.4.2 Model description

In order to interpret the observed relaxation kogetand to get an insight into the
vibrational deactivation on the surface, a vibnadilokinetics model of the NCO, system was
developed. The model is zero dimensional and ibrimarates excitation of vibrations by
electronic impact (e-V), V-V and V-T exchange irethk subsystem as well as the V-V’
exchange (reaction (R1)) between &hd CQ and intramolecular vibrational relaxation in
CO.. Relaxation in collision between two @®nolecules was neglected due to the low
concentration of admixed GOElectron impact excitation of GQvas also ignored because
we are interested only in the afterglow phase wi@Dg is excited in collisions with pv).

The system of kinetic equations can be written siyrabolic form:

= () () (0, (R, (), 5.4

()T () (I () () s

where W accounts for the wall losses, RD is thengpweous radiative decay term.

The system of equations was solved for 40 vibralitevels of N and 6 levels of C©
((0d0), (0d1), (0d2), (0t0), [(020,1P0y,(020,1F0)",(020)], [(03'0,11'0)
(03'0,11'0)",(03%°0)]). The groups of three levels in square bracketge close energies and
are affected by the Fermi resonance. Thereforg, Were treated as a single effective level
[37-38] (100)x and (110) respectively.

The e-V rates were found from the solution of Bolén equation using the EEDF
solver developed by Dyatket al [42] taking into account superelastic collisiongween
electrons and vibrationally excited olecules. The average electron density was bl
based on the discharge current and the electrdnvetocity obtained from the Boltzmann
equation solution. The electron density was assutoetie constant during the pulse in
accordance with the experimentally measured cumeveforms. The value of the reduced
electric field in pure Nwas taken from [2, 43/N= 80 Td and it was assumed to be constant

during the pulse as it was done by Pintassdg@l [44] under similar conditions in XD
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pulsed DC discharge. Upon the addition of ;C@he sustaining discharge voltage was
gradually increased, 10% rise compared with purevdls measured for 0.5% G@ N,. We
neglected the influence of G@ddition on the cathode fall voltage. The increafsthe E/N
proportional to the discharge voltage was assurakihg into account a correction for the
literature value 210 V of the cathode fall [45].idtworth noting that e-V rates are not very
sensitive functions oE/N because of the low-energy threshold of vibratioastitation.
Typically, a variation oE/N from 70 to 90 Td leads to less than 20% increadbea electron

excitation rate of the first vibrational level of.N

We used the most recent set of V-V and V-T rateBlircalculated in [13-14] using a
semiclassical trajectory method. Only single-quantinansitions were taken into account.
The rates of the V-V° exchange betweep ad CQ as well as V-T and intramolecular
relaxation rates in CQOwere taken from [36-40]. The exchange reaction) {Rds considered
for 40 levels of N and 3 levels of C@00°vs). The dependence of the rate of (R1) on the
vibrational quantum number of,Nand CQ is not known. In this study it was assumed to
follow the analytical expressions of the SchwaBilgwsky and Hertzfeld (SSH) theory [4].

The Einstein coefficients for spontaneous emisgidbO, were taken from [37].

Surface relaxation was introduced as an effectoe@nae process with the frequency
that can be written as [43]:

-1

v = (54 o) 5)

YVth

where/A= (r/2.4) is the characteristic diffusion lengthis the tube radiud) is the diffusion
coefficient,  is the average thermal velocity of the moleculed mis the probability of

surface deactivation.
It was assumed that,, =0.2for all the vibrational levels of C{16, 35] and a
complete accommodation of vibrational energy waspssed.

The only tuning parameter of the model was therefore tlobatility of the vibrational

deactivation of N on the surface ) ). At present, there is no clear understandinghef t
dependence of, on the vibrational quantum numberUsually, a single quantum quenching
is assumed withy, being either constant for all the vibrational lisver linearly proportional

tov. As it was discussed in the most recent study, wkimployed CARS measurements of

N2(v) with v=0 -5 [17-18], even the direct measurement aliddal vibrational levels does
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not allow an unambiguous determination of fhe variation withv. The main reason for this

is the fast V-V exchange in the gas phase thabksites a Treanor vibrational distribution
function on the lower vibrational levels [4]. Asresult, the relaxation of the system as a

whole takes place with the individual rates sigmifitly masked. Determination of thpg

dependence onis beyond the limits of the technique developethia study. In accordance

with [17-18], below we assume thgt is proportional tov, y, (v)=);-v where; is the

quenching probability of pv=1). It is worth noting that such a dependencevas more
physical than the constamt hypothesis. In the harmonic oscillator approximatilinear
increase with the vibrational quantum number dbssrinot only the scaling of the transition

dipole momentum but it is also valid for the gasg#V-T and V-V exchange rates.

5.4.3 Modelling results

Figures 5.6 and 5.7 show the typical output ofrtiedel. In figure 5.6 the vibrational
distribution function (VDF) of N in the ground state is shown for different delafter the
ignition of the discharge pulse. For times intetmd ms the VDF is governed by the electron
impact excitation which is efficient for=1 — 9 and the VDFs reflect the excitation pattern
With increasing degree of excitation, the V-V exum tends to establish a Treanor
distribution on the lower vibrational levels. Thepulation of the higher vibrational levels
takes place due to the ladder-like V-V exchange @ngd delayed compared with the
evolution of the VDF on the low-lying levels. Inetlpost-discharge (delays longer than 5 ms),
the relaxation of the VDF is determined by the ésssf vibrational energy on the reactor
walls and in collisions with CO The formation of a plateau-like VDF on the intedrate
vibrational levels is well known in N2, 4, 46] and it originates from the interplaytveen

resonant and non-resonant processes of the V-Vaegeh

Figure 5.7 depicts the time evolution of the Gfbrational levels population. During
the 5ms discharge pulse, one can see a deplefitheoCQ(00°0) concentration and
appearance of the molecules in the excited statesalthe vibrational transfer fromy(N). In
the afterglow, the vibrational distribution of @@laxes to thermal equilibrium following the
relaxation of the VDF of Bv). The analysis of the results of the simulatioaves that N(v)
and CQ(00%s) are strongly coupled because the V-V’ exchangedsm N and CQ in
reaction (R1) is much faster than the quenchingC@h(00°vs). It was found that the
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vibrational temperatures of,Nind CQ(00°5) are very close and they obey the well-known

analytical relation [4]:

COy Ny COy Ny
Ey _ B, _E °-E (5 7)
COZ TNZ - T "
T, 1 gas

whereT,"%% (T,'?) andE[°? (E,) correspond to the effective temperature and trexgy of

the first vibrational level of CO(N,), Tyasis the gas temperature.

Vibrational modes other than G0 3) are weakly populated and do not contribute to
the depletion of the value ofN, — SN;). The overpopulation of CgkI™0) after the
discharge pulse compared with the 296 K level does exceed 5% of the total GO
concentration. The low population of @@odes, which are not directly coupled tg\WN, can
be explained by a relatively slow intramoleculactenge in C@Qcompared with the surface
losses and spontaneous emission. For examplepedsaure of 133 Pa the total quenching
frequency of CQ00°1) — COxkI™0) by N is Vinya~ 130 & while the contribution of the

emission and surface lossesiisrp ~ 1030 &.
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Figure 5.6: Calculatedtime evolution of the Figure 5.7: Time evolution of the population
N, vibrational distribution function in a singleof the vibrational levels of CO Discharge
discharge pulse withr= 5ms, I=50 mA and conditions are the same as in figure 5.6 [1].

p=133Pain a 0.2% C@N; gas mixture. The
beginning of the discharge pulse corresponds
to t=0 [1].

To simplify the comparison between measurementssandlation, experimental curves
depicted in figure 5.4 as well as the results dtwdation were normalized for the final
stationary value ofN, — BN;). The value oy in the simulations was varied until the best fit

was achieved. Normalized experimental and simulat@des for 0.2% C@are shown
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in figure 5.8. The best agreement between the erpat and the simulations was obtained
with yi= 1.6 x 10°. The calculated curves with= 1.4 x 10° and 1.8 x 18 illustrate the
sensitivity of the model to thg variation and allow one to estimate the relatin@reof the
determination of4 within £15%. It is worth noting that the variatiar y, - affects primarily
the relaxation time in the post discharge. The labsosalue of (N, — fN;) just after the
discharge is independent ¢f as long as the pulse duration is much shorter than

characteristic relaxation time.

One can note that the magnitude of the measuregatebn signals is well reproduced
in the simulation. Depletion of the value ¢N, — BN;) is determined by the degree of
vibrational excitation of Nafter the discharge and therefore we can conchatehe electron
impact excitation of Bis correctly treated in the model.

[T ' ' ' ' ' ' "] Figureb.8:

Normalized experimental
relaxation curve with 0.2% of
CO, (—). Quartz discharge
tube. Results of calculations with
y= 1.4%x10° (—V—),
yi=1.6x10° (—e—),

—— experiment

> —o—modely=1.8:1° |  }1=1.8%10° (—A—).

o -
~
—

0.2 —e—modely=1.6:10° 1 W, IS supposed to increase
0.0} —&—modely=1.4-10° | linearly ~with the vibrational
(I) | 5I0 ‘ 1|00 ‘ ]I.5O ' quantum numbetyNz V)= y; v

t [ms] [1].

Calculations with different concentrations of add€®, were performed for the
conditions shown in figure 5.4. The agreement betwthe experimental results and the
model was achieved by varying the valueypfor every given C@ concentration. It was
found that the best fit value gfincreases systematically with increasing, @0Oncentration.
Figure 5.9 shows the obtained dependence; an sei&g; by a factor of 2 over the studied

range of the C@concentration can be seen.

From the calculation viewpoint the increase inlibst fit value ofy; as a function of the
CO, concentration signifies that the gas phase presessN(v) quenching by C@that were
taken into account in the model are not sufficiemtreproduce experimentally observed

relaxation kinetics. In the model we have includddhe known gas phase processes gt/N
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guenching by C@ Therefore, we believe that the obtained incréagbe surface quenching
probability of Ny(v) upon the addition of CQOs a real physical effect and it is not related to

the incompleteness of the model.
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Figure 5.9: Wall deactivation
probability of N(v=1) as a
function of the added GCO
concentration {(—&—).
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To support this statement let us consider the nmagbrtant mechanisms of ;)
vibrational relaxation in the presence of £@&ccording to [38-39] V-T quenching ofa¥) by
CO, is very inefficient kyr= 1 x 10?2 cmi®s™). The effective mechanism of,Nibrational
quanta losses in NCO, mixture proceeds via the fast transfex\§l <> CO,(00°n) followed
by the quenching of CO(’n). Therefore, the “leakage” of MNvibrational quanta is
proportional to the C@ concentration. Taking into account that £@’n) is nearly in
equilibrium with Ny(v) the characteristic frequency of; juanta losses in such two-step

process can be written as follows:

Q= [COz] Vintra+W+RD (58)
[N2]

where Vinasw+rp iS the quenching frequency of g0O(’n), [No] and [CQ] is the
concentration of pl and CQ respectively. Calculation using (5.8) for €©oncentration
ranging between 2 x - 2 x 13* molecules cni yields ¢ = 0.8 — 8 &, At the same time
the characteristic frequency of the surface relaradf Ny(v= 1) calculated using (5.6) with
the y; values from figure 5.9 is found in the range 28-s'. Therefore, the relaxation
induced by the presence of €@ the gas phase is far too slow to explain theedrmental
results from figure 5.4. Using model calculations fave found that in order to reproduce
experimentally observed time evolution @V, — SN;) with a fixed value ofy;, the total

quenching frequency of G@O’n) has to be increased by a factor of 10. In theipus
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sections it was shown that the quenching o6©®n) is dominated by the diffusion limited
surface vibrational deactivation and spontaneoussom. Therefore, the value @fa+w+rD

is known with a sufficient accuracy and its undgnestion by a factor of 10 is very unlikely.
Hence, we conclude that the strong increase oNf@ relaxation frequency with increasing

CO, concentration is likely due to a modification bétsurface state.

The physical mechanism of the g@duced enhancement ¢f may consist in the
transfer of the vibrational energy between the glaasse N(v) and CQ molecules adsorbed
on the quartz surface. In [47] similar mechanisns weoposed to explain the experimentally

measured surface relaxation rates in pure.CO

In figure 5.9 the data points are approximated by linear function
y=0.0011 + 8 x 18® x [CO,] where [CQ] is the concentration of carbon dioxide in
molecules crii. The intercept valug)= (1.1 + 0.15) x 1073 can be considered as the wall
deactivation probability of pv= 1) on fused silica in pure nitrogen. It is wortbting that in
contrast toy; values showin figure 5.9, the value of) does not depend on the rates of,CO

relaxation that were used in the model.

Similar experiments were performed with a Pyrexlagsge tube and the deactivation
probability was found/?= (1.1 + 0.15) x 1073 on Pyrex surface. The published data for
Pyrex and fused silica are found in the range {012 x 10° [15-19] depending on the surface
pretreatment history. Any comparison between diffier experimental data is not
straightforward due to the differences in the stefareparation; surface roughness may also
vary depending on the specific materials’ suppdied it is almost never specified. Therefore,
we consider the agreement between the resultssoivitrk and the available literature data to

be generally good.

It is worth mentioning that the obtained valuegfdepends on the assumption made

regarding the vibrational quantum number dependefigg, . As was mentioned above, the
Vv, = V2V hypothesis is justified by the similarity with tigas phase quenching processes of

harmonic oscillators. Nevertheless, other deperslermannot be excluded. For example,

assumingy,, to be constant for all the vibrational levels of Me obtain the best fit value of

y{=(1.5+0.2) x 1073 for silica and Pyrex. Therefore, the choice of Wigrational level

dependence of, may introduce an additional systematic errorypidetermination. One

should note that the dependence/f onv is an unknown input parameter of any vibrational
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kinetic model of N. We believe that in the models that use the vabfiggfound in this work,
the effect of the systematic error gfdetermination may be significantly reduced if fzene

(v, = ¥z V) hypothesis is used.

5.5 Application of CO, titration as a diagnostics tool

5.5.1 Relaxation of }v) on catalytic surfaces

The procedure described in the previous sectioms le&a used to investigate the
processes of vibrational excitation and de-exatatof N, in pulsed DC discharge. The
information on the de-excitation mechanisms is ioleth from the time evolution of the
relaxation signals similar to those shown in figbré. Using this technique the measurements
of the relaxation kinetics at the inner surfacehaf discharge tube covered with Fi€bl-gel
film with or without impregnated Ti©ODegussa P25 particles were performed. Introduaifon
the particles in the film produced a very roughfate while the film without particles was
smooth. Titanium dioxide is a promising materiat flasma-catalyst technology for air
pollution control [21]. However, there are no daaailable on the probability of JW)

guenching on its surface.

Figure 5.10 shows the evolution of the normalizedue of (N, — N,) after a
discharge pulse of 5 ms length at a curreri=dd0 mA in a N + 0.3% CQ gas mixture at a
pressure of 133 Pa. One can note that with, Teélaxation is much faster than in the case of
Pyrex and silica. As a consequence, the experithéata shown in figure 5.10 are more
distorted by the noise due to a smaller numbeiatd goints over the relaxation time.

The characteristic relaxation time was found torbé&.5 ms for no particle TiOfilm
and 7= 2.5 ms for the film with impregnated particlefelbest fit by the model was found as
described in the previous sections with 0.012 and/= 0.04 for smooth and rough surfaces,
respectively. Faster relaxation on the impregnéitedmay be caused by the increase in the
surface area due to the presence of,Tp@rticles. In addition to this geometric effectOT
particles may possess an enhanced efficiency fenahing of N(v) due to the presence of

different active sites compared with the sol—det fi

By varying the amount of added ¢@e effect of C@ concentration on the relaxation

frequency was estimated. Extrapolation towardsJJEQ0 gavey= (9 +2) x 10 for TiO



On surface relaxation of vibrationally excited agen 107

sol-gel film without particles. For varying conceattons of CQ no measurable effect was
observed with the impregnated surface. One shoolg that under our conditions the
characteristic diffusion time is about 1 ms. Theref surface relaxation on the Bi@llm with
particles is largely limited by the diffusion ofbrationally excited molecules towards the
walls. In the diffusion-limited regime the relaxatifrequency is almost independent jcamd

hence the foungl;= 0.04 can be considered as the lower limit

Figure5.10:

Time evolution of the normalized
value of (N, —fN;) after an
I=50mA, =5ms pulse at
P=133 Pa in a 0.3% COin N\,
gas mixture. Experimental results

Z o4 | are compared to the predictions of
experimentdatg the model for a smooth TiO
0.2t |plasm — o modely=0.04 4 g face (-A—) and TIQ film
L [ON —»— modely= 0.012 | . . .
0.0 . . . , . , . with impregnated P25 particles
10 20 30 40  (—[) [1].
t [ms]

5.5.2 Kinetics of vibrational excitation otk pulsed DC discharge

As has been shown in the previous sections thestieplof the CQ absorbance in the
afterglow is determined by the vibrational excaatiof CQ. Modelling shows that only the
CO,(00%3) mode has a significant non-equilibrium populatidius, the amplitude of the
measured depletion of the value @, — SN,) can be related to the vibrational temperature

of this mode:

(5.9)

whereE;= 3378 K is the energy of G@(’1). In the case of non-Boltzmang vibrational
distribution, T, defined by (5.9) is what is usually called theféefive vibrational temperature
of the first level” of the mode. Assuming a Boltazmadistribution of CQOds), a

normalized value of N, — BN;) can be rewritten as follows:

No— BN, = (1-6) —p(1-6)6 [COY (5.10)
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_E1
wheref = e Tv and [CQ] is the total carbon dioxide concentration. Oneutth note that the

departure of the real vibrational distributionsnfrdhe Boltzmann ones has only a minor
influence on the determination of the effectiveratibnal temperature of the first level. The
reason for this is a low population of the highérational levels for which the difference
with Boltzmann distribution is significant. The vétional temperature of G@0%s), which

is related to the vibrational temperature ofldy equation (5.7), can be calculated by solving
(5.10) at any time point. The measurements areffome the distortion by the variation of the

gas temperature starting from the ~ 3 ms in thé gissharge.

In figure 5.11 the evolution of the vibrational teemature of N calculated using (5.7),
(5.9) and (5.10) in a mixture containing 0.2% Q0©N, at 133 Pa in a Pyrex discharge tube is
shown. The discharge current was 50 mA, pulse duratvere 1 ms and 5 ms. Good (within
10%) agreement between the model and the experipnemts the feasibility of the proposed
method for vibrational temperature determination Ng-CO, mixtures. The minimum
measurable vibrational temperature is limited by tloise of the(N, — SN;) signals when
they reach the steady state. One can see thahdovalues of the vibrational temperature

lower than 800 K the signals become buried in thisen

400( — : . . . . . . .
3500r -
3000+ 1 Figure5.11:
Evolution of the vibrational
2500r - ¢ min the afteral
2 5 ms pulse temperature of Nin the afterglow
= 2000 of a discharge pulse with I= 50 mA
= 1500k in a 0.2% CQN, gas mixture at
p= 133 Pa. Pyrex discharge tube.
1000r Pulse durations were 1 ms{O—)
500} ¢ and 5ms (/7). Simulation
A 1 ms pulse i
ol ' | ' | ' | ' | results are shown by solid lines [1].
0 50 100 150 200

t [ms]

As was shown previously, the addition of £i@creases the rate oh{\) relaxation in
the post-discharge. However, according to the moalelulations, it changes the valuewﬁ2
only slightly just after the end of the dischargdsp. Application of the described procedure

to the experimental data from figure 5.4 resultecimilar values o‘TlN2 lying within 10%
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scatter a few milliseconds after the dischargegulsis proves that the vaIueI‘ﬁ’2 obtained
using the titration technique with the g@dmixture in the range 0.05-0.5% may be

considered as a good approximation for the vibnafitemperature in a pure Mischarge.

One should note that bofly and y, are determined in a single pulse experiment. This

excludes uncontrollable drifts of the surface ste to long plasma exposure and allows

measurements with specially pretreated surfaces.

5.6 Summary and conclusions

In this work investigation of vibrational kinetiaga CO,-N, gas mixtures excited by
pulsed DC discharge has been performed by meatismefresolved QCLAS and numerical
simulations. Due to a very efficient V-V" couplibgtween the C®00%3) and N(v), carbon
dioxide can be used as an IR active probe of vdmally excited nitrogen. The effective
relaxation frequency and the degree of vibratianaitation of N were determined from the
time-resolved absorption measurements 0f.G@the low-pressure conditions of this study,
wall deactivation was the main loss mechanism bfationally excited M The deactivation

probability y, was found from the best agreement between the ureshsand simulated
relaxation kinetics of C® In the model it was assumed that for different vibrational
levels of N is proportional to the vibrational quantum numpgr(v)=); v. It was found

that on Pyrex and fused silica surfages (1.1 + 0.15) x 10° The quenching probability on
the TiO, surface was measured to jag (9 + 2) x 10° and ;= 4 x 102 for smooth films and
sol-gel films impregnated with Tiparticles, respectively. It was found that in €h@5 — 1%
CO,-N2 gas mixtures excited by a pulsed DC dischargestintace deactivation probability
of Nx(Vv) is proportional to the partial pressure of LDhis was interpreted as a proof of the
vibrational energy transfer between the excited @zase nitrogen molecules and adsorbed
CO, molecules. Carbon dioxide titration was found ® & feasible technique for,{\)
vibrational temperature measurement in the afterglaf a pulsed DC discharge. An

advantage of the proposed method is the possilwfity, determination on the surfaces

being in direct contact with the plasma. The meaments are done in single plasma pulse
experiments, which allow a better control of thetesf the studied surface.
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6 Influence of plasma treated catalytic

surfaces on molecular oxidation

The reactivity of plasma treated and stimulatedilgtt surfaces of Ti@ has been
studied by analyzing the oxidation (i) obH; to CO and C@and (ii) of CO to CQ The
inner surface of a Pyrex discharge tube was coatdd TiO, films impregnated with Ti®
nano-particles, which provides a surface area ofia$ nf. In addition to the exposure of the
TiO, surface by low pressure RF plasmas usingAD or N, (f= 13.56 MHz,p= 0.53 mbar,
P=17 W) the surfaces have been stimulated by hgamd UV radiation treatment. The
temporal development of the concentrations of ttezyrsor gases 8, or CO and of the
reaction products has been monitored using quactsoade laser absorption spectroscopy
(QCLAS), which provides multi-component detectionthe mid infrared spectral range. The
C,H, concentration was found to be nearly constant tes after a pre-treatment with Ar or
N, discharges using an initial gas mixture of 19£€in Ar. However, a strong decay of the
concentration of €H, is observed for pure {plasma pre-treatment. In general, the decay was
found to be nearly exponential with time constanthe order of about 10 min. The reactive
adsorption of gH, molecules on the inner surface of the tube reashomwed a density of
about 7.5< 10'* C;H, molecules cii. This behavior demonstrates, that the reaction
(Oads*+ GH2)tio2 produces some adsorbed intermediates, which cahdsmally or photo-
catalytically oxidized to C@ In contrast, when 1% CO in Ar has been used iigligas
mixture no adsorption processes on the ;Tgbrface could be detected. An effective

destruction of CO took part via photo-catalyticaation [48].
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6.1 Introduction

An important contribution to environmental and hieglrotection can be made by the
development of technologies that can control thBupon to ensure improved indoor air
quality. A lot of studies show that volatile organtcompounds (VOCs) can dangerously
influence human health through chronic exposurearAfrom traditional ways to remove
harmful substances such as thermal and catalyittaten, scrubbers, and active charcoal, the
use of electric discharges is a promising techniiguetoxic gas removal, especially when
these gases are present at low concentrationsgd36r improved pollution destruction the
approach of combining plasmas with catalysts has ks technical as well as a scientific
challenge over the past decade. The plasma-caslystgy has been studied in air discharges
with VOC admixtures using different types of casadyat low and atmospheric pressure [21,
57-60]. One of the main issues of plasma-catalyapling is to understand the interaction of
the plasma with the catalytic material, especitily processes involved in the destruction and
production of molecules on the wall. This fieldjist at the beginning to become deeper
analyzed due to the great complexity of physics ahdmistry phenomena occurring at

atmospheric pressure.

An alternative to understand plasma-catalytic sigrfiateraction is to perform studies at
lower pressure, where surface reactions are dommaer gas phase reactions; this gives an
original way to perform time resolved diagnostiéghe surface reactivity. Some aspects of
the plasma activation of Sj@nd TiQ have been have been in the focus of former stjifi&s
59, 68]. The importance of surface reactions ferfdrmation of molecules by recombination
has been experimentally demonstrated in 20N plasma [62, 63]. Recently a specially
designed low pressure capacitively coupled radigifiency (RF) plasma reactor has been
used to investigate the reactivity of NO with adXysurface pre-treated by oxygen, nitrogen
or argon plasma [64]. In the case of an oxygenty@@ment of the surface, oxygen atoms are
chemisorbed leading to the oxidation of NO to /NBased on these experimental data a
simple kinetic model was developed and showed gagreement with the measured
molecular gas phase concentrations. In the mottelcion of the surface is considered to be
covered with chemisorption sites where atoms ankbeaées, in this case oxygen atoms, can
be adsorbed, whereas they can be removed onlycdoynt@nation [65]. The participation of
adsorbed oxygen atoms on surfaceg, @ the destruction of VOCs has been demonstrated

also in low pressure DC plasmas, in atmospheric RB® bed packed discharges [66, 67].
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Similarly, using the same reactor type as in refeed64] the evidence of adsorption of
oxygen atoms on the catalyst FiGnder plasma exposure and the related surfaceuigaof
C,H, was studied in reference [68]. In this work thenptex character of the interaction of
catalytic material with plasmas has already beephasized. In the case of using the JiO
catalyst the reactive adsorption ofHz molecules was found to be highly efficient on the
walls, but only in the case the surface had besatdd by an oxygen plasma, before acetylene

was introduced into the discharge tube.

In contrast to the behavior of,Q@at a TiQ surface no reactivity of £son silica and
Pyrex surfaces to 4, was found [68, 69]. The hypothesis to explain #sgsential difference
of the reactivity of Qysto GH; is based on the assumption of different bindingrgies on
these materials. This approach has been suppoytegtbntab-initio studies of oxygen atom
adsorption on rutile Ti©@[70] and onpg—cristobalite Si@ [71]. Calculations show, that the
binding energy of oxygen atoms on $iWith a value ofE,q= 5.9 eV is considerably higher
than on TiQ which has a value d&,y<= 1 — 1.5 eV. Therefore, considering the resulthese
recent studies comparing between the reactivigiftérent surfaces, as T§OSIO, and Pyrex,
and different molecular reactants, as e.g. NO apd,,Cit could be concluded, that the
reactivity of Qgs depends (i) on the nature of the surface andofiithe properties of the
reacting molecule [68, 69]. However, in referen@8]] the concentrations of CO, GOr of
other by- products have not been monitored in dsepghase.

The aim of the present study is to analyze furtier reactivity of plasma treated
catalytic TiQ surfaces using the examples (i) of the oxidatib@41, to CO and C@and (ii)
of CO to CQ. In addition to the exposure of the Bi®urface by low pressure RF plasmas
using Q, Ar or N, as precursor gases the surfaces have been agtimateeating and UV
radiation treatment. The temporal development efdbncentrations of the precursor gas and
of the reaction products has been monitored usingntym cascade laser absorption
spectroscopy (QCLAS), which provides multi-compdneletection in the mid infrared
spectral range [22]. In addition mass spectromeateasurements have been performed to
detect possible higher molecular reaction produdise analysis of the decay of the
concentration of the precursors and of the prodactf carbon oxides has led to further
insight into plasma surface interactions, molecatdgorption processes and surface chemistry

phenomena.
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6.2 EXxperimental

6.2.1 Discharge tube configuration

The experiments were performed in a cylindricalchage tube with a length of
=60 cm and a diameter df 2 cm, schematically shown on the figure 6.1. Tilee was
made of silica and additionally deposited with Fi@n the inner surface using a sol-gel
technique [73]. The coating was impregnated witlgjidsa P25 Ti@nanoparticles containing
anatase and rutile phases in a ratio of about 34]. [Nano-particles can support the
destruction of VOCs, as reported by Kim and co-wosk[61]. The specific surface of this
impregnated coating has a value of 38gh The mass of the deposited catalyst was typically
0.1 g and hence the total surface area of TiQhe reactor was about #nConsidering that
TiO, with a combination of anatase and rutile phasssamaenhanced photocatalytic activity
compared to pure anatase phase,Til2], the discharge tube was protected from antbien

light sources to prevent uncontrolled photocatalgiggradation of added gases.

Gas Out 1 Electrodes l Gas In
P N\

gl ) M
/ / /
i\ / / !
| i | | |
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Figure 6.1: Scheme of the Pyrex tube coated with a, B@-gel film and
TiO, nanoparticles with two electrodes, placed arountsme the tube [48].

In the tube a capacitively coupled discharge wasegged by applying an RF voltage
(f= 13.56 MHz) to a pair of external metal electrod€ke injected discharge power was
typically P= 17 W. The external location of the electrodesthasadvantage, that any contact
between plasma and metal can be prevented. Thhatdigr tube was pumped by a rotary
pump and a base pressure of ahwutl0® mbar could be achieved. In the experiments the
pressure was varied betweern 0.26 to 6.6 mbar. The discharge could be drivadeu
flowing or static gas conditions. During the expems at static conditions, i.e. using a
closed tube, the pressure increase was lower tH&6 Over the time of the measurements,
because a low leakage rate could be ensured. Fuietals of the experimental setup can be

found in reference [64].
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6.2.2. Time-resolved quantum cascade laser diagrsost

The QCLAS measurements for species concentratiamtanmg have been performed
using a three quantum cascade laser measuremenbaindl system (TRIPLE Q), a compact
and transportable laser system based on infrarsdrpifion spectroscopy [22]. In figure 6.2
the schematic diagram of the TRIPLE Q system cdedeto the RF discharge tube is given.
The divergent radiation of three QCLs driven bycetanic units (Q-MACS Basic, neoplas
control) is collimated by a system of two Off-Axarabolic (OAP) mirrors and guided as
single laser beam through the RF discharge tulteetdetector (IRDM-600, neoplas control).
The detector module contains a temperature coetrolvhich is adjusted to the detector
element (VIGO, PDI-2TE-10/12) and a pre-amplifiearidwidth: 600 MHz, rise time: 2 ns).

Pump Buffer Volume
—1 Detector
7 T Electrodes l
": [ w2y — i n OAP
AN e ———— =] 4
0 pp O M1 i}
Oscilloscope | —————— —_———————
L | : Optic Board :
I—LML : QCL 1 |
|
: Delay 1 — QCL2 :
Function I 1
Generator :_ Delay 2 QCL3 :
_____________ OAP

Figure 6.2: Scheme of the 3 channel QCLAS system TRIPLE Q medith the
RF discharge tube (OAP: off-axis paraboloid, M1,:M#&rrors) [48].

To increase the sensitivity of tha-situ QCLAS measurements three optical paths
through the plasma volume were realized using @fsetirrors outside of the vacuum tube.
The whole optical path from the lasers to the deteexcluding the discharge tube was
covered with plastic panels and purged with dryogén to avoid absorptions caused by

ambient air.

An oscilloscopgWaverunner Pro 760Zi, LeCroy, bandwidth: 6 GHanpke rate: 40
GS/s) connected to the detector was used for datatoning and recording. The spectral
multiplexing was obtained by using a delay generfdi5535, Stanford Research Systems)
and a function generator (33120A, Hewlett Packprdyiding an appropriate trigger regime.
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Figure 6.3: Example of absorption spectra obH;, CO, CQ and NO measured in a
multiplex regime with 3 QCLs working in the intralge mode at pulse duration of 15§.
Simulated spectra for the specific emission ranfgine lasers are shown on the embedded
diagrams [22, 29, 48].

A typical example of absorption spectra ofHg CO, CQ and NO measured in a
multiplex regime with the three 3 QCLs (Alpes Lajeworking in the intra pulse mode at
pulse durations of about 150 ns recorded by th#l@smpe is shown in figure 6.3. Simulated
spectra for the specific emission range of the Q@imind 1344.75 cih 2206.35 crit and
2328.72 critare shown in the embedded diagrams [22, 29].

It should be mentioned that in the case of the Q@B&orption measurements in the
intra-pulse mode at low pressures, the absorptioes lare strongly affected by non-linear
phenomena called rapid passage effect [25]. THisctefrelates to the distortion of the
absorption features due to intense rapidly swegtatian which passes over a molecular
resonance on a timescale that is much shorter ttiemelaxation time [26]. This leads to
reduced absorption signals and distorted line shaped hence to underestimated molecular
number densities. Therefore, the direct applicatibthe Beer-Lambert law for concentration
determination is not possible and a calibratiorcfiom has to be determined [27, 28]. For this
purpose a gas mixture of 1% of €@luted in N and of 1% GH, or 1% CO in Ar was filled
at different pressures in the discharge tube. Bhibration results also enable to determine the
detection limits of the measured species. The tetedimits of GH,, CO, and CO were

found to be in the range of famolecules cr.
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6.2.3. Experimental procedure

Before every single measurement a clean inner cauird the tube was ensured by a
procedure, which includes heating to 350°C, UVdiation and @ plasma treatment. The
duration of this preparation was about 50 min. he tseries of the experiments this
pre-treatment ensured that any memory effect ofuhe surface could be avoided and a high

level of reproducibility could be achieved.

The heating of the discharge tube at a temperafus&0°C for 30 min were performed
by an Winkler Heating JackelP£ 360 W,|= 300 mm) placed around the tube. After that the
discharge tube was irradiate with two UV lamps [ip&i PL-L 24W/10/4P,P= 24 W)
for 20 min. The lamps, emitting UV-A radiation miirbetween 300 and 400 nm, were
located on both sides of the discharge tube irstanice of 10 cm. Simultaneously the inner
surface of the tube was treated by a RF dischar@® under flowing conditions at a pressure
of p= 0.53 mbar. The discharge power Was17 W.

Based on XPS analysis Regonini and co-workers stiotirat the treatment of TyO
samples at appropriate temperatures has a strquactron the nitrogen, carbon and organic
content of the catalyst. At annealed samples thesitjeof these species was much lower
compared with non-treated surfaces [75]. The pleatalytic oxidation can be improved by
using heating and UV irradiation simultaneouslya \dombining both treatments highly
reactive electrons can be created, which suppertiéistruction, for example, of hydrocarbons
into CQ, and HO [76, 77].

Table 6.1: Experimental phases of the measurements.

Phase No. 1 2 3 4
Phase Name Pre-Treatment Evacuation Fillingand After-Treatment
(Plasma Stimulation) Adsorption  (Stimul. Oxidation)
Sub-Phase Heating uv
Name 350°C radiation
Precursor 1% GH, or
Gas 0O, N, Ar 1% CO in Ar Ar Buffer
Pressure .
1.25 0.75 0.26 Pumpin 1.3-6.6 2.6
[mbar] umping
Duration 1030 1030  10-20 10 5- 30 25 35
[min]
Flowing (FC)
or Static (SC) FC FC FC SC SC

Conditions
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Following this general cleaning preparation the ezkpents have been structured in
time in different phases, which characterize thenge of important parameters, in particular,
the general splitting in (i) a treatment of theansurface of the tube and in kinetic studies (ii)
of an adsorption of precursor molecules and (fiipxidation processes of adsorbed reaction

intermediates or gas phase molecules.

The experimental details are given in table 6.1e T@mporal evolution of experiments
consists of four main phases: (1) pre-treatmenteyacuation, (3) filling and adsorption, and
(4) after-treatment. Phase 1 is divided into trakernative sub-phases: (i) dii) N2 or (iii)

Ar plasma. While phase 4 is characterized by tweraétive sub-phases: (i) heating 350°C
and (ii) UV radiation.

The pre-treatment, phase 1, is used for the deposif oxygen atoms, £ on the
inner TiG, surface via sole Oplasma exposure for a duration of 10 — 30 min.[68] verify
the effect of the influence of the O2 plasma fanecspecific experiments an Ar op Nlasma
was used. After this pre-treatment phase, in pl2asee tube was pumped for 10 min to
evacuate all gaseous species and to allow a coofirige tube down to room temperature.
After the pre-treatment and the pumping, in phadbe3tube was filled with the relevant
probing gas containing eitherld; or CO. At that time the-situ monitoring of the temporal
evolutions of the concentrations ofH;, CO and CQ@using QCLAS was started under static
conditions. In phase 4 an after-treatment was e@pl activate the TiOcatalyst either by
heating (350°C) or by UV radiation.

6.3 Resultsand discussion

6.3.1 Kinetics of ¢H, destruction on a pre-treated TiGurface

The time evolution of the 4, concentration was studied depending on differgmes
of plasma exposure of the TiG®urface in the pre-treatment phase 1. Figurellogtrates the
reactive oxidation of @, after different pre-treatments of the surface andifferent initial
concentrations of £§H,: i) Ar plasma pretreatment, ii)\plasma pretreatment, iii)plasma
pretreatment using two different initial concentratof GH, and, iv) oxygen followed by

argon plasma pre-treatment.
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Figure 6.4. Time dependence of theH; concentration depending on different types of
plasma treatment (t= 3tin, P=17W) of the TiQ surface: o — Ar (p=0.26mbar,

9= 14 sccm),o — N, (p=0.75mbar, p= 40sccm), A — O, (p= 1.25mbar, p= 40sccm),

m — 10 min of @plasma followed by 20 min of Ar plasma (same patans as for Ar and ©
separately). The introduced mixture was 1%b1€in Ar at p=2.6 mbar. The upper curve\}
represents the experiment, when the tube was fllidd6.6mbar of 1% GH, in Ar after Q
plasma exposure [48].

First of all, as already shown in reference [6Bgreé is no reactive adsorption ofH;
onto TiQ, after a pre-treatment with Ar or,Nlischarges, whereas there is reactive adsorption
of C;H, after an oxygen plasma pre-treatment. In gendraldecay was found to be nearly
exponential with time constant in the order of abb® min under the present experimental

conditions.

These observed losses ofH; can be explained by two mechanisms, (i) due to
adsorption of @H, on TiO, nanoparticles and/or (i) chemical reactions veipiecies present
on the pre-treated surface. As already discusseef@nence [57] probably both mechanisms
can take place. Moreover, when a discharge in Auis operated for 20 min after the initial
10 min pre-treatment with oxygen plasma a signifialower decrease of the concentration
of C;H; is obtained compared to the decrease of ¢, Concentration after a sole, ®F
discharge treatment, see figure 6.4. This provas@H. is not effectively adsorbed on clean
TiO, and the removal of £, after Q plasma pre-treatment is catalyzed by O atomsegtaft

to the surface [68]. These grafted O atoms carabigypemoved by an Ar plasma treatment.

In order to estimate the maximum amount gHEthat can be reactively adsorbed on

the pre-treated catalyst, experiments with differpressures of injected acetylene were
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performed. In figure 6.4 an example when the tulas Wled with 1% of GH, in Ar at

p= 6.6 mbar is shown, see the upper curve. A kinshtdration was found at the total number
of about 2x 10'" of C,H, molecules in the reactor. Taking into account sheface area of
TiO, of 4 nf, this corresponds to approximately ¥.50'* C,H, molecules cii. It is
interesting to note, that in a similar study usindischarge tube made of Pyrex, an essential
higher value of the density of oxygen atoms of abdw 10" cm? after an @ plasma
treatment were found [64]. In order to check if goother products containing carbon are
released upon the adsorption obHg a mass spectrometric (MS) analysis (Pfeiffer
PrismaPlus 0 - 100 a.m.u.) of the gas phase wdsrped additionally to the QCLAS
measurements. Mass spectra of the initial mixtt#é GH- in Ar) and of the gas mixture in

the tube reactor 30 min after the introductionhef probe gas are shown in figure 6.5.

Initial gas mixture end gas mixture

©
o
=

signal [a.u.]

0.00

10 20 30 40 500 20 30 40 50
m [a.m.u.] m [a.m.u.]

Figure 6.5: Mass spectra of the initial gas mixture (left pgnele. at the beginning of
phase 3 and 3fin after the filling (right panel), i.e. at the @&f phase 3. (1% 41, in Ar,
p= 2.6 mbar, pre-treatment 2:{plasma) [48].

As a general result, no new mass spectroscopylsigoald be detected in the range
between 1 to 100 a.m.u. during the experiment. dranity in figure 6.5 only a zoom on
10 - 50 a.m.u. is shown. Slight increases of thak patensities related ton/z= 28 and
32 a.m.u., corresponding te lnd Q, can be ascribed to a small leak in the vacuurtesys
Since during the §H, adsorption on the TiOsurface no new major gas phase products,
except a small production of GOsee inset of figure 6.6, could be observed, it ba
concluded that the major products of the reactiOgystt G:H2)tio2 Stay adsorbed on the

surface.
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6.3.2 Oxidation of adsorbed reaction intermediates

For the experimental phases 3-4 figure 6.6 presémsresults of concentration
measurements of -8, and CQ. Already from the beginning of phase 3, after befied into
the tube = 2.6 mbar), the initial concentration (~6 x“iMolecules cii) of CH, is fast
decreasing due the adsorption process of the aoetyinolecules on the wall of the tube

reactor.

During the adsorption process ofH; on the stimulated Ti@surface a relatively small
production of CQ in the order of 18 molecules cii could be observed, see inset of
figure 6.6. The concentration of G@ slightly growing and after 20-25 min it reachezarly
a value of 2-3 x ¥ molecules cii. This amount represents only about 2% of the earbo

provided from the lost acetylene.

After the reduction of the £, concentration has stabilized the reactor contaiamly
argon as buffer gas at a pressur@of.6 mbar. Therefore, to initiate oxidation reant the
catalyst was activated in two possible ways: (ihegting to 350°C or (ii) by exposure to UV
radiation, phase 4. It should be pointed out tllaCsH, desorption has been seen, when the
catalyst was heated. This fact confirms the reaatinechanism of the adsorption process. In
the case acetylene would have been just molecudaidprbed, a thermal initiated desorption

of C;H», should be observable.

[phase 2. 3 Z 4

concentration [1§ molecules cr'ﬁ]

30 .40 50 60

time [min]

Figure 6.6: Time evolution of the concentrations ofHz (upper panel) and of CQlower
panel) in phases 3 and 4 (initial gas mixture: 1%1&in Ar, p=2.6 mbar). After-treatment:
A - heating to 350°C anal - UV radiation exposure [0].
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As shown in figure 6.6, with time the process afnfation of CQ stabilizes reaching
the value of 4.7 x fdmolecule crit for UV radiation and 5.6 x #bmolecule crit
for 350°C treatment. That means that in the mofgice¥e case by heating at 350°C the
produced CQ@represents only 50% of the carbon balance. Prglihlel stabilization of the
CO, production can be explained by the absence offfecisnt number of Qys for the
reaction. During the time of the measurements wadystion of CO could be observed within

the detection limit, i.e. in the range of'i@nolecules cr.

These experimental results demonstrate that thetioea(Qygs+ CHa)tio2 produces

some adsorbed intermediates, which can be thermiapihoto-catalytically oxidized to GO

It can be concluded that the oxidation of acetyleyp®,qs atoms is incomplete at room
temperature and ensures only the first step ofatixid. Nevertheless, a hypothesis based on
an analogy with the mechanisms of the gas phasgioraGH, + O is possible to discuss
briefly. In general, the oxidation of,8, to CQ is a multistep process. In a first step two
major reaction ways are relevant [69, 78]:

0) C,H, + 0 > CO + CH,
(ii) C,H, + 0 > HCCO+ H

It is reasonable to suppose, that the oxidatio@,bf, on the tube surface proceeds via
similar bond breaking pathways. The reaction (iyrba less probable, since no CO could be
detected in the gas phase. It should be also cemesidthat fragments of reactions may stay
adsorbed on the surface. In order to get a bettderstanding into the mechanism of this
processn-situ analysis of adsorbed species at the tube surfaavoe required.

6.3.3 Photo-catalytic oxidation of,8, and CO

To achieve further insight into the photo-catalypioperties of the Ti@layer in the
tube reactor the oxidation behavior ofHz has been compared to that of CO. For this
purpose in the experimental phase 1 the surfatieeahner tube was pre-treated by a pure Ar
plasma for 30 min. Then in phase 3 a gas mixturd%f GH, in Ar at a pressure of
p= 1.3 mbar was filled into the tube. After aboutriin the after-treatment phase 4 was
started with the external exposer of UV radiatieigure 6.7 shows the temporal evolution of
the concentrations of the precursaHg and of the product molecules CO and,@®er the
about 50 min of the experiment. Similarly to theadshown already in figure 6.3, no strong
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decrease of the 8, concentration could be observed in phase 3 dfeeAt plasma treatment.
In contrast, the following UV treatment led to stgodecrease of the concentration of
acetylene and to the production of CO and,CO

The temporal evolution of the concentration gHgis comparable to the adsorption
experiment after @plasma stimulation, see figure 6.6. Both the cotre¢ions of CO and of
CO, reached a value of aboutx110"* molecules cni, which presents about 60% of the
carbon balance provided by theH; removal from the gas phase. It becomes obvioas,inth
this experiment the photo catalytic destructiorCefl, is based on the lattice oxygen of the

material.
[phase 2 | 3 Z 4

T T T T T T T T T
? 3.0 <« UV treatment —s |
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Figure6.7:

Photo-catalytic decomposition of
C,H, (m), and formation of CO4«()
and CQ (o) in phases 3 and 4 after
| an Ar plasma pre-treatment in
4 phasel (t=30 min, p=0.26 mbar,
1 =14 sccm, initial gas mixture:
1 1% of GH; in Ar, p= 1.3mbar, UV

1 light exposure in phase 4) [48].
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In case CO instead of,8; is introduced into the tube volume following there pre-
treatment in phase 1, i.e. using an Ar plasmartreat of the inner surface, again no decrease
of the CO concentration could be observed over .ti@wely if again the UV exposure is
applied to the tube, the CO concentration is sigaiitly reduced while the G{&oncentration
increases. Within about 4 min 20% of the CO moleswre lost out of the tube volume. The
CO concentration is reduced by about 50 molecules cii. The concentration of GO

reaches a value of about X3.0" molecules ciff, shown in figure 6.8.

In case the pre-treatment in phase 1 has beenrpedowith an @ plasma, the CO
destruction in phase 4 via the UV exposure of thetg-catalytic TiQ layer is much more
effective. In figure 6.8 the evolution of both centrations, CO and GDfor both cases of
pre-treatment is given over time. In contrast te BH, case no reduction of the CO
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concentration in phase 3 was observed. But in #se of an @plasmas pre-treatment with
UV stimulation an effective CO oxidation and £@roduction takes place. Within only few

minutes nearly all CO molecules have been oxid{figdre 6.8).

This experiment shows, that (i).§ are not reactive towards CO although they are
reactive towards £H,, i.e. the reactivity is dependent on the bothsindace material and the
target molecules, (i) that O atoms of the Ti@aterial are not very effective for photo
catalytic oxidation of CO, and (iii) £& can be effectively used in photo catalytic oxidati
[21].

l[phase 3 4

s =2 NN
o v o W

o
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o
o

concentration [1 molecules cn]
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Figure 6.8: Photo-catalytic decomposition (i) of CO)( and formation of C@(e) in phases

3 and 4 after an Ar plasma pre-treatment in phasand (ii)) decomposition of CQ1) and
formation of CQ (m) after an Q plasma pre-treatment in phase 1 (Ar RF plasma:
p= 0.26 mbarp= 14 sccm, t= 40 min, ®RF plasma: p= 0.53 mbag= 14 sccm, t= 30 min,
initial gas mixture: 1% CO in Ar, p= 1.3 mbar, UMt exposure in phase 4) [48].
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6.4 Summary and conclusions

In this study it has been possible to further aralthe reactivity of plasma treated
photo-catalytic TiQ surfaces at the examples of the oxidation #i.Gand CO. The temporal
evolution of the concentrations of molecular specrethe volume of the tube reactor was
monitored based on QCLAS and MS techniques. UsirgFaoxygen plasma in a pre-
treatment phase, reactive oxygen species coulddited on the surface of TOIt was found,
that the reactivity of the adsorbed O atoms dependse reacting molecule. FogH; a high
reactivity could be proven, characterized by a eadtiabout 7.5 10" C,H, molecules cri
of the catalyst, which were removed from the tulodume. In the case CO was used as

precursor gas no adsorption phenomena could betonedion plasma pre-treated surfaces.

Studying the oxidation of £, in the adsorption phase only about 2% of the ararb
was detected as G0On the gas phase of the reactor. In contrasthimfter-treatment phase
stimulation by heating or UV radiation led to arfeefive oxidation of ca. 50% of the
adsorbed acetylene to GO'his behavior shows, that the reaction{® CH2)tio2 produces
some adsorbed intermediates, which can be thermiapihoto-catalytically oxidized to GO

In addition, both molecular precursors;Hz and CO, can be also effectively oxidized
by photo-catalytic processes only. It is interegtim note, that in the CO case again an oxygen
plasma pre-treatment leading to grafted oxygen atom the TiQ surface, supports the
oxidation to CQ considerably.

Although the present analysis of theHz; and CO reduction and carbon oxide
production in interaction with a TiOcatalyst provides information about plasma surface
stimulation, molecular adsorption processes andaser chemistry phenomena, several
detailed aspects, in particular, of molecular stefaeaction are far from being fully
understood. Future studies should include (i) othueface materials and molecular precursor

gases and (ii) should be combined with difeetitu techniques of surface analysis.
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7 Application potential of EC-QCLSs for

plasma diagnostics

Three continuous wave external cavity quantum ahesdasers (EC-QCLs) operating
between 1305 and 2260 ¢nf4.42 — 7.66:1m) have been tested as radiation sources for an
absorption spectrometer focused on the analysiphgtical and chemical phenomena in
molecular plasmas. Based on the wide spectral tlilyabf EC-QCLs multiple species
detection has become feasible and is demonstrated study of low pressure AriN
microwave plasmas containing methane as hydrocgstemursor. Using the direct absorption
technique, the evolution of the concentrations &1;,CCH,, HCN and HO has been
monitored depending on the discharge conditions qressure op= 0.5 mbar and at a
frequency off= 2.45 GHz in a planar microwave plasma reactoe Tbncentrations were
found to be in the range of ¥0- 10 molecules cii. In addition, based on the analysis of
the line profile of selected absorption lines, tas temperatur@, has been calculated in
dependence on the discharge powgincreased with the power values and was in theerang
between 400 and 700 K. Further, in a pure He/Arrowave plasma the wavelength
modulation spectroscopy technique has been apfiiethe sensitive detection of transient
plasma species with absorbencies down ta Tbe typical spectral line width of an EC-QCL
under the study was found to be in the range 288MHz depending (i) on the used
chopping technique and (ii) on a single or averagedsurement approach. Further different
methods for the modulation and tuning of the laseliation have been tested. Varying the
power values of an EC-QCL between 0.1 to 154 m\Wdicect absorption measurements at
low pressure conditions no saturation effects itemheining the concentrations of methane,
acetylene and carbon monoxide could be found utideused experimental conditions, i.e.
for lines with line strengths between™ o 10%? cm moleculé [1].
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7.1 Introduction

Molecular plasmas are increasingly being used nbt for basic research but also, due
to their favorable properties, for materials preoeg technology. While offering a wide field
of applications however for this type of plasmasuanber of processes and properties are far
from being fully understood. Therefore, the anaysf important plasma parameters, for
example, the concentration measurement of moleguéursors, the monitoring of reaction
products and the determination of the gas temperatan lead to a better understanding of
plasma chemistry and reaction kinetics. In addjtibre detection of low molecular weight
transient species, as radicals and molecular isnsf key importance, because they govern
most of the chemical and kinetic processes in pdasr®ver the last two decades chemical
sensing using mid infrared laser absorption spsctipy (MIR-LAS) in the molecular
fingerprint region from 3 to 20 um has been esshigld as a powerfuh-situ diagnostic tool
for molecular plasmas [2-6]. The methods of MIR-LAfovide a means to measure
molecular species concentrations in the groune stiadl the temperature of reactive species.

It is well known, that the application of high-résed spectroscopic methods requires
from the radiation source (i) wide spectral tun@gilii) intrinsic narrow line width, and (ii)
high output powers. Based on these attractive ptiege EC-QCLs have a high potential to be
applied for plasma diagnostic purposes, in pawmictodr the monitoring of multiple species

including larger plasma constituents characteriaetiroader spectral features.

In the present study three cw EC-QCLs operatingvéen 1305 and 2260 ¢m
(4.42 — 7.66um) have been tested as radiation sources for an@hms spectrometer focused
on the analysis of physical and chemical phenonremaolecular plasmas. Multiple species
detection has been feasible in low pressure AmMNcrowave (MW) plasmas containing
methane as hydrocarbon precursor. Using the datesxbrption technique the evolution of the
concentrations of CKl C,H,, HCN and HO have been monitored depending on the discharge
conditions. In addition, based on the analysishefline profile of selected absorption lines,
the neutral gas temperatufg has been calculated in dependence on the discipanger.
Further, in a pure He/Ar microwave plasma the wavglh modulation spectroscopy
technique (WMS) has been applied for the sensifiection of transient plasma species.
Different methods for the modulation, tuning andchrenical and acousto-optical chopping of
the laser radiation have been tested. Another fos the analysis of possible saturation

effects caused by the high power values of thedasdow pressure conditions.
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7.2 Experimental

The EC-QCLs were purchased from Daylight Solutiofrs.table 6.1 the main
parameters of the three lasers are given. Thetrekalfirst most simple experiment is shown
in figure 6.1. The laser controller scans the ld¢éer2 over the entire wavenumber range by
turning the grating inside the laser head via @ st®tor. Such a wide scan takes in
dependence on the tuning rate and the specific laswveen 20 to 40 s. The transmitted
intensity after a path length of 1 m in laborataiy shows strong absorption feature mainly
due to water in the laboratory air, figure 6.1. Tiensities and positions are in good general
agreement with the data of the HITRAN spectrallogtze [7], see lower part of the figure. In
addition to the detected absorption features aiderable fringe level of up to 10% of the
entire laser intensity, an obvious inherent prgpeftthe used EC-QCLs, can be seen. The
fringe level depends on the specific spectral posiand might be influenced by the optical

characteristics of internal antireflection coatings

The applicability of EC-QCL for plasma diagnosticas been approved using two
different experimental setups, (i) a flexible expantal configuration for the more detailed
evaluation of the distinct laser properties (fig@.@) and (ii) a 3 channel spectrometer in
combination with a planar microwave (MW) plasmactea (figure 6.4). The experimental
setups consist of three main parts: the laser systiee investigated gas volume, and the
detection and acquisition systems.

Table 6.1: Parameters of the used cw EC-QCLSs, given by theigeg and experimentally
determined laser line width (MHF — mode hop free).

L aser M odel T [ Pax Full Tuning MHF Tuning Vinstr.
No. [°C] [mMA] [mW] Range [cm™] Range[cm™] [MHZ]
1 21074-MHF 15 650 150 1305-1445 1325-1415 38
2 21062-MHF 16 675 85 1594-1690 1628-1679 24
3 21045-MHF 17.8 675 300 2110-2260 2118-2165 35

7.2.1 EC-QCL test setup

Figure 6.2 shows the principal arrangement of tkeQ@CL test set-up. The laser is
driven using a laser controller (Daylight Solutipddodel 1001-TLC) connected to a PC
using the RS-232 interface. The alignment of th&écap arrangement is performed by a
He-Ne laser using a moveable mirror. The tempesatdirthe laser chip is controlled by a

thermoelectric cooling unit (TEC) integrated in thestem. The cw operation mode requires



134 Chapter 7

an additional external water cooler (Thermo CulmidSState Cooling System), not shown.
In addition to the step motor control of the pasitiof the internal EC grating with a
minimum step width of 0.01cM finer wavelength tuning can be achieved using a
piezoelectric transducer (PZT) attached to the E&imy in the range of 1 —2 ¢mat
frequencies of up to 100 Hz. In the present stidyRZT was driven by an external driver
(Thorlabs Single Channel Piezo Controller Model MDZA). Further, the current
of the QCL can be directly modulated in the frequyerange between 10 kHz and 2 MHz by
an external voltage source leading to a wavelengtbsulation of up to 0.1 ¢ This
method has been used for wavelength modulationtrgseopy (WMS) focused on the
sensitive detection of transient species, see hapter 7.3.4. It should be noted, that both

tuning methods can be used separately as welhragtaneously.

A stable operation of cw MHF EC-QCLs at short pusggths, e.g. in ms scale, is not
feasible caused by the very narrow mode spacingA8gliable concentration determination
using the Beer-Lambert law requires measuring #lative radiation fluxes entering and
leaving the absorbing gas or plasma column. Thesileséo monitor also the detector signal
without any radiation, i.e. in an off-phase. Theref a periodical interruption of the laser
radiation has to be provided. For this purposeetltiéferent methods of chopping the laser
radiation have been tested, (i) a mechanical choffB 540, Stanford Research), (ii) a
mechanical shutter (FOS-1-Inline, Aventes) and @i acousto-optical modulator (AOM)
(GEM-40-4-10.6-BRAR (5-11), Brimrose).

As shown in figure 6.2, the infrared laser bearmfrilie EC-QCL with a diameter of
about 0.5 cm passes a diaphragm and an opticatasotonsisting of a polarizer and\&t
wave plate, before reaching the chopper, whichlmneplaced by the shutter or the AOM,
and a ZnSe beam splitter. One beam is directedighrthe reference gas cell and the second
one through one inch Ge etalon with a free spectiage (FSR) of about 0.049 ¢rfor
identification of the spectral position with highepision. A He-Ne laser combined with a
moveable mirror can be used for alignment. The Bg&LdTe infrared detectors (InfraRed
Associates FTIR-16-1.0) are mounted in a liquidogien dewar. The absorption signals of the
detector are amplified and transferred to an asuthpe and PC system. The data acquisition
is provided by an AD converter card with a sampliatg of 2.5 MHz (National Instruments,
NI PCI-6110).
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The operation of the mechanical shutter and the A8l been directly controlled and
synchronized by the PC. The working frequency efghutter was limited to 10 Hz, while the
AOM could work at frequencies of up to 3.6 MHz.the case the chopper was used, this

element acted as trigger source for the PZT comtithl a maximal frequency of 100 Hz.

An example of a spectrum by using the AOM for chogpthe laser radiation at a
frequency of 5 kHz while tuning laser No. 3 oves @&ntire wavenumber range is given in

figure 6.3. The radiation passed a reference dasagaining CO at a pressure of 0.05 mbar.

The relative intensities of the CO lines are giwerthe lower part of the figure. The
inset shows a single line as part of the whole tspec Again as in case of laser No. 2, the
high level of fringes should be noted here. In &ddj in this configuration the usage of the
optical isolator was very important to avoid baokflections of laser radiation into
the EC-QCL from any optical element, because thisild/ lead to serious instabilities, in

particular to the appearance of mode hops.
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Figure 6.3: Spectrum of laser No. 3 using step motor tuning amdAOM for chopping the
laser radiation at a frequency ofz. The radiation passed through a reference gdk ¢
containing CO at a pressure of 0.06%ar, I=10cm. Line positions and relative intensities of
CO are shown in the lower part of the diagram [[fiset: representative single CO line [1].

7.2.2 Three channel EC-QCL spectrometer and MWhmpdagactor

The applicability of EC-QCLs for plasma diagnosiicsposes has been tested by using
a three channel absorption spectrometer combinéd avplanar microwave (MW) plasma
source 1= 2.45 GHz). Inside the MW plasma source an optmalti pass arrangement of
White cell type (Gemini Scientific Instr.) has beestalled providing absorption lengths of
up to 30 m for high sensitivity detection [9]. As advantage the discharge configurations in
the planar MW plasma created in the reactor is wailled for spectroscopic observations,
because plasma homogeneity can be achieved tdaancextent for these long plasmas. For
more details see [10].

By ZnSe beam splitters the laser radiation is ithsted into the 3 channels:
(1) Channel 1 (Measurement channdlhe beam enters the plasma chamber.

(2) Channel 2 (Reference channellhe laser radiation passes a cell filled with a

reference gas.

(3) Channel 3 (Etalon channellhe laser radiation is guided through a 1 or Jiinc
Ge etalon (FSR: 0.049 or 0.016¢mrespectively) or an air spaced etalon
(FSR: 0.01 cri).
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Figure 6.4
Channel |_[———— Schematic arrangement

ChannelZ_]Eﬁ_ of the 3-channel EC-

I QCL spectrometer in
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D3 Lock-In Amplifiers .
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Power Meter iris diaphragm) [1].

The schematic setup of the 3-channel EC-QCL spaetter is shown in figure 6.4. The
infrared beam is guided using gold-coated mirrdise output laser radiation is controlled
using an iris placed in front of the laser heade Tlower of the laser radiation has been
measured with a laser energy monitor (NOVA, Ophatronics Itd.) behind the diaphragm.

For chopping the laser radiation a mechanical caoppR 540, Stanford Research) has been

used.
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Figure 6.5: Transmission spectrum of Glt Figure 6.6 Example of an absorption
a pressure value of p&.05mbar at an spectrum in an Ar/pMlCH, MW plasma using
absorption length of 130 m using laser No. 1laser No. 1 at p0D.5mbar and P=0.2kW
recorded with TDL Wintel [12] in the MWshowing absorption lines of GHC,H, and
reactor. The detector offset signagst: (dotted HCN at an absorption length of I30m in
line) was recorded in the off-phase. Thte MW reactor [1].

calibration was performed using a 3 inch Ge

etalon (FSR: 0.016m™) [1].
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In the measurement channel the beam enters thaplelsamber via a KBr window and
is focused into the White multi pass cell with 2&ges, corresponding to an optical path
length of 30 m inside the reactor volume. Everyntied is equipped with one AC coupled
liquid-nitrogen-cooled HgCdTe detector unit combinaith a pre-amplifier (InfraRed
Associates FTIR-16-1.0). Because of the small sgasiletector area of about 1 rhrthe
collimated laser radiation is focused using offsayparabolic mirrors. Wedged beam
combiners and windows are used to avoid unwantabtbreteffects in the entire optical

arrangement.

For direct spectroscopic studies the signal outfmnh the detector is monitored using
an oscilloscope (Tektronix TSX6005) in combinatisth an AD converter card with a
sampling rate of 2.5 MHz (National Instruments, RCI-6110) and recorded at the PC
employing the software TDL Wintel (Aerodyne Reséahec.) [13]. Recorded transmission
spectra, an example using laser No. 1 is showigurd 6.5, are transformed to absorbance
spectra by extrapolating the base linef each absorption line by a polynomial of apprater

order and calculating the absorbance by:

I, -1
A=In| ——EL (6.1)
Itrans - Ioffset
In figure 6.6 an example of an absorption spectainan Ar/N,/CH; MW plasma at
pressure ofp= 0.5 mbar and power dP=0.2 kW using laser No. 1 is presented showing
absorption lines of the precursor £hind the plasma chemical reaction productid.Gand

HCN at an absorption length Isf 30 m in the MW reactor.

The wavelength modulation spectroscopy technique 8)/Moviding a phase sensitive
detection with high signal to noise ratios has bieeased on the detection of the HéAon
and for the exact determination of the spectraitiposof the detected absorption lines of this
transient species. These measurements have beemnpedfin pure He/Ar MW plasmas.
Based on a study of Dahl, the MW discharge wastedgnin a feed gas consisting of He
(99.9999% purity) with 3% Ar admixture at a typiggs pressure gé= 0.266 mbar and a
power ofP= 2.7 kW [11].

The WMS was performed by slowly changing the emissiavelength of the EC-QCL
using the PZT modulation at a frequency of 0.02wlale simultaneously modulating the
injection current of the laser at a frequency okb5iz with an amplitude of 1 V, what caused a

wavelength modulation of about i@n. Using 3 parallel lock-in-amplifiers (Stanford
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Research Systems SR830) the detected signals mcddiated at the second harmonic to the
corresponding absorption spectra. The time constarthe lock-in amplifiers was set to
300 ms. Spectra are recorded synchronously witibrasibn gas lines of £4. A vacuum
spaced etalon (FSR: ~ 0.01 &nwas used for interpolating between absorptiotufes of
transient species and calibration lines. The eséichaccuracy of the measurement of the line
position was about 0.0005 &m

7.3 Resultsand discussions

7.3.1 Laser line width determination

The spectral line width, or instrumental profild,tbe used EC-QCLSynstr, has been
determined using a Doppler limited approach by ipgsthe radiation through reference gas
cells of appropriate molecular gas content. Thesqaree was chosen as low as possible to
avoid pressure broadening effects. The detectedrptiizn lines were fitted by Gaussian
profiles. Subsequently the value of the full wididf maximum (FWHM) of the fityg:, has

been de-convoluted with the Doppler broadenindnefdrobe gasjp, at room temperature:

|/Instr. = \]Vlgit _VS (62)

The Doppler broadening has been calculated byaimeufia:

v, T
vV :—1/2k N,In2— 6.3
D C B" VA M ( )

where the Boltzmann constank=1.3806503 x 16° JK™, the Avogadro constant
Na= 6.02214129 x T3 mol*, T — temperature in KM is the molar mass in g mblvp is the

FWHM of the spectral line, ang is the wavenumber of the line center [14].

Figure 6.7 shows results of a study at the examipl@ser No. 2 at a spectral position of
about 1627 cih. The measurements were performed using a cell5aéni length filled
with NO, at a pressure op=0.09 mbar, while applying the three different gping

techniques. To improve the accuracy of the procethur narrow spaced lines were analyzed.

In sub-diagram (@) of figure 6.7 the values of ittrerumental profileysy, for a single
scan of the PZT over a spectral range of abouti®i1are shown. For the interruption of the
laser radiation, the AOM was driven at a frequeaty00 Hz and the shutter at 10 Hz, both
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controlled by the PC. In contrast, the chopper ca@s trigger source for the PZT at a
frequency of 80 Hz. The single valueswi deviate within the errors of the measurement
quite essentially, i.e. in the range of about 302yiffom each other. This is mainly caused by
the high sensitivity of the fit procedure on optidanges, which influence the baseline
determination and could not be completely avoigethe measurement. The measurements at
the spectral position of 1627.118 ¢reshowed relatively strong deviations and in theesasf
AOM and shutter usage unrealistic low valuevgf.. The reasons for this behavior are not
completely clear, but may be even partly caused bgnsitive overlap of optical fringes and

single absorption features.

60 . : . : ,
] A
40- -7 RN R .
_ ] Al O~ _--®
N 204 ¢ o- Il ie T M i
I 1 N I-m - _A
E' 0 (@) . . AT -
% 1501 —---0O_ a
~ 1 :,‘.Q..'_.’._'..'_.'.I _____________ SRR i
100+ o- "~ O b
50- 52‘: ,,,,, :A‘-._.= ,‘,,,-1[,_, = ----0 7
O—(b)J. ID— I\‘*A—'I"A _—
> e -
=i aVaravi
2 2-_ 1627.056 1627.078 1627.118 1627.136 -
9 (€) o 1 | |

1627.05 1627.10 1627.15
wavenumber [ci

Figure 6.7: Determination of the laser line width of laser Nofrom NQ
absorption lines using different chopping techngju@) Laser line width
calculated from single measurement& - AOM, m — shutter,
e — chopper; (b) Laser line width calculated from 625averaged
measurementsA —AOM, o — shutter,o — chopper; (c) N@ absorption
spectrum at 162@m' measured in a reference gas cell (5cm,
p= 0.09mbar) with etalon signal for calibration (FSR: 0®dmi?) and
the line positions from the HITRAN data base ptbds a stick spectrum
in the lower part of the figure [1, 7].

The averaged value forsy. was found to be 24 MHz, what is in good coincidewdé
values from the literature [15, 16]. To achieveedtdr signal to noise ratio an averaging of
several spectral scans seems to be worthwhildercase of the AOM and shutter usage, the

values of the instrumental profiles are near tosingle measurements, see sub-diagram (b) of
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figure 6.7. The averaged value is found to be 33MBnly if the spectral scans are
performed using the chopper for radiation intenapthe averaging has led to a much wider
instrumental profile of about 118 MHz. This efféstcaused by frequency fluctuations of the
chopper blade rotation, which directly influencée tfrequency of the PZT control and

therefore the scanned spectrum, see upper cusubhdiagram (b).

7.3.2 Evolution of molecular concentrations andtlod gas temperature in
Ar/N,/CH; MW plasmas

The plasma chemical study of the methane fragmentat the Ar/N MW plasma has
been performed (i) for a changed ratio of the AmiNxture at a fixed value of CHadmixture
at constant power and pressure and (ii) for changine power at a fixed gas mixture at
constant pressure. Laser No. 1 has been usedyure§ 6.8 — 6.9 the experimental result of
the evolution of molecular concentrations of thegorsor molecule CHand of selected
reaction products, as HCNi, and HO are given. Some useful generalizations follownfro
these figures. The concentrations of the plasmaa products, HCN, &, and HO, were
found to be in the range of about*19 10 molecules cii. The concentration of the
precursor molecule methane depends only slightlythennitrogen content of the plasma,

while strongly decreases with increasing power.

Figure 6.8 shows the variation of the concentratib@H, with increasing admixture of
N, to the Ar/CH plasma. It has been also possible to detgkl, @hd HCN molecules but
only at a relatively small admixture of,Nf up to 20%. The concentration of these molecules
decreased as more nitrogen was introduced. Thectaete limit was found at
about 5 x 18 molecules cii for C,H, and 2 x 18" molecules cii for HCN. The initial
measured concentration of GHt the value of 1.13 x $dmolecules cii was in a good
agreement with calculated theoretical value of X2Z®"™ molecules cii corresponding
to 10% methane admixture. The degree of dissoaa@ianethane was found to be relatively
constant near to 90 %. In contrast, increasing paakies, varied between 0.2 and 1.0 kW,
lead to an essentially increasing degree of diatioa of CH, of up to 97% atP= 1 kW,

shown in figure 6.9.



142 Chapter 7

Ar [%0]
90 87 84 81 78 75 72

=
%

[y
%

CH
__n___né‘-ﬂ'n---n--n--~ﬂ--D.N_D__ﬂ,__n_

C2H2
-—0---000.\0\
__&-—A-AA'_'A":&\\

HCN e,

[iny
QU
kS
L
=
L
S
1
'
'
'
\
)
)
\
’
/I
‘
o
0
'
0O
I
1

=
%
P
B>
L
[y
Q.
»
o
’
’
Y
)
'
/
’

’
I
@)
P

L

9/

T~o.

concentration [molecules cﬁ1
= =
2 %
o/

concentration [molecules ¢

=
%

0 3 6 9 12 15 18 0.2 0.4 0.6 0.8 1.0
N. [%
2 [ ] Pplasma[kvv]

Figure 6.8: The variation of concentrationsFigure 6.9: The concentration of 4 molecules
of the precursor gas CHm, o) and reaction CH; (o), CH2 (o), HCN @A) and HO (x)
products GH, (e, o) and HCN @&, A) simultaneously detected in a MW plasma
simultaneously measured as a function of gdspending on the applied plasma power for
mixture at p=0.5mbar and P=0.2kW in the initial gas mixture of 5% N+ 10% CH,
MW discharge. The arrows demonstrate tliluted in Ar at pressure of p= 0.5 mbar. Laser
concentration values before igniting thé&lo. 1 has been used [1].

discharge. Laser No. 1 has been used [1].

In a plasma the knowledge of the gas temperatua&ey to an improved understanding
of volume and surface plasma chemistry since thesraf elementary processes depend
exponentially on its value. For deriving the refatior absolute concentrations of molecules

the temperature must be known as well.

In the present study the temperature of the plasms deduced from the Doppler
widths of four CH spectral lines detected in the area of 138T asing the cw EC-QCL
No. 1 as radiation source in the MW discharge. lifeeshapes were fitted and de-convoluted
as described in sub-chapter 7.3.1. As a typicaing¥a, figure 6.10 shows experimental data
of an absorption line of CHat 1381.494 cihtogether with a Gaussian fit for the temperature
determination. The line was recorded in a microndigeharge aP= 0.2 kW in a gas mixture
of 10% N + 10% CH diluted in Ar atp= 0.5 mbar. Figure 6.11 depicts the increase oftse
temperature with the applied power from about 40000 K in the MW discharge.
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Figure 6.10: Experimental data of anFigure 6.11: Gas temperatures as a function
absorption line of ChW at 1381.494m* of plasma power calculated from line
together with a Gaussian fit for temperaturprofiles. Measurements were performed in a
determination. The line was recorded in gas mixture of 10%l, + 10% CH, diluted in
microwave discharge at P8.2kW in a gas Ar at p=0.5mbar. The instrumental profile
mixture of 109N, + 10%CH, diluted in Ar at used for calculation was 0.0012%*

p= 0.5mbar [1]. (38.1 MHz) [1].

7.3.3 Laser power variation for validation of cont@tion measurements

Continuous wave EC-QCLs are characterized by higitout power, which in
dependence on the specific laser can reach vafugsto 300 mW, see table 6.1. In particular
under low pressure gas and plasma conditions reddusl@xation ratesy, of rotational-
vibrational molecular levels appear compared todd@ns under atmospheric pressure. In
case the laser intensity and therefore the elefitid amplitude are sufficiently high power
saturation effects may occur, which can lead tornirect concentration measurements. This
non-linear phenomenon is notable for the transfea substantial population between the
lower and the upper energy level with the dipolemeat. It is described in [17] by:

_ ME,

'y (6.4)

whereX is the saturation parameter, describing the pmaturation effectk, is the electric

field amplitude andh is Planck's constant.



144 Chapter 7

w

hd T T T T T T T T 1-2 T T T T T T T T T
. . EUUUETRES = FTETRE « SISRRAAL" AENSARR = 1 ]
02 A -f-prme oD iR 10 2179.772 cit |
0.1] @A Az K I n A Lo Bmrisis A R Y-V S Sy N Do-mmoe A““‘AA
iy >
3 00/ : 3 08 ]
= 0.6 1 A
8 ED -l Rhenn s e Do B 8 0.6 o ---- oo O _D_]:?’_Q_B_??gcrﬁ |
8 A - Q S o
2 03 49;4“’-;'-"'-'"' = S T 8 o
2 onlb) S 0.4 1
(2]
E 8'2 DT o 3 1383.698 crh |
= S T = L St T 5ol Qoo -0----- O--m-- O----0----0-"0 |
0.41 A== "-'""‘&“1’3..'.2..'._..'.._.'..2 ......... Qg
0-0 T T T T T T T T T T T T T T T T
0.09 0 20 40 60 80 100 120 140

0 20 40 60 80 100 120 140
P... ocL [mw] PEC—QCL [mW]

Figure 6.12: Absorption of 4 lines of CH Figure 6.13: Absorbance of two lines ot&;

(m, o — 1381.158 and 1381.494 ¢mand one of COneasured as a function of the

A, A — 1381.236 and 1381.333¢n power of the laser radiation at different

measured as a function of the power of tlexperimental conditions:

laser radiation at different experimentab — 1393.396 cih, |=15cm, p=5 mbar

conditions: CoHo,

(@) - reference gas cell, |=15cmp -1383.698ci, |=24m, p=0.7 mbar
p = 3 mbar; 1% GH,in Ar, Laser No. 1 has been used.
(b) — MW reactor, |=30m, p=0.5mbarA — 2179.772 cih I= 10 cm, p=0.05 mbar
5% CH, admixture in Ar; CO, Laser No. 3 has been used [1].

(c) — MW reactor, I=30 m, p=0.05 mbar,
Laser No. 1 has been used [1].

At low pressures the paramefemay exceed unity for strong absorption features, i
absorption lines with line strengths in the randeSe- 10%° cmmoleculé'. According to
pulsed QCLs this effect is rather known and hasnbeescribed, e.g. see [18, 19] and
references therein. In the present study lines Wites strength covering the range of

10— 10%2 cm moleculé! have been used.

For the validation of the correctness of conceittnaineasurements the power of laser
No. 1 has been varied, while detecting absorptioih€H, and GH, under low pressure
conditions at pressure values of 0.05, 0.5 amdb8r at absorptions lengths of df in
reference gas cells and of 80in the MW plasma reactor, respectively.

Figure 6.12 shows the absorbance values of fouowa€CH, lines at three different
experimental conditions located in the spectrageanf 138Icm* using laser No. 1. The
observed spectra were in good agreement with stedil@pectra, generated using the
HITRAN database [7]. In addition in the same smdctange two absorption lines of

acetylene have been studied concerning possihleasiah effects, shown in figure 6.13.
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Although the power of the probing laser has beeregtaover more than two orders of
magnitude no clear saturation effects have beeectdst so far in these experiments. To
validate also the influence of pressure and absorp¢ngth, these parameters have been also
changed in a wide scale without any notable infbeerThe line strengths of the used lines are
in the range of 16" — 10%* cm moleculé”.

In addition to the relatively weak GHand GH, lines a CO absorption line at
2179.772 cnt, line strength of & 10"° cmmoleculé', has been tested using laser No. 3 for
possible saturation effects. Even at this strongoding line no saturation effect in

dependence on the laser power could be observedigsee 6.13.

7.3.4 Wavelength modulation spectroscopy in Heldsmpas

In figure 6.14 a typical example of WMS using laBker. 1 in a He MW discharge with
3% Ar admixture at a pressurepsf 0.265mbar and a power value BE 2.7kW is shown.

The signals of the measurement, reference andnetdiannels have been detected
simultaneously. In sub-diagram (a) at the spegivaltion of 1410.63@m™ a clear absorption
feature of a transient species could be found. seresitivity for detecting small absorptions
can be estimated to be in the range of, hat was proven by detecting lines ofHg of

very small absorptions (not shown).

4__(a) Measurement 1410.639

Ix10* .
4_‘(b) Reference 1410.676
1410.516

signal [mV]

& A
1 1 1

|x10? .
(c) Etalon

x10°

14105 | 14106
wavenumber [ci]

1410.7

Figure 6.14: Example of WMS in a He MW discharge with 3% Ar atme at
p= 0.265 mbar and P= 2.7 kW, sub-diagram (a). Thlkcation of the wavenumber is based
on absorption features of a,@, reference gas cell, sub-diagram (b) and an aircgua
etalon (FSR: 0.01 cf), sub-diagram (c). Laser No. 1 has been used [1].
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7.4 Summary and conclusions

In the present study cw EC-QCLs have been sucdbssdated as radiation sources for
absorption spectrometer set-ups, which can be asedew tools for plasma diagnostics
providing, based on its wide spectral tenability,a@cess to multiple species detection. The
new aspects of this spectroscopic approach are mmated in low pressure ArgN
microwave plasmas containing methane as hydrocgrtenursor. Using the direct absorption
technique the evolution of the concentrations @& thethane precursor and of three stable
reaction products, £, HCN and HO, has been monitored. In addition, the line pesfibf
selected absorption lines have been analyzed tyrdete the neutral gas temperatdigein
dependence on the discharge power. As expectedathéemperature was found to increase
with power. Further, the feasibility of the wavej@m modulation spectroscopy technique
(WMS) using EC-QCLs has been demonstrated forehsisve detection of transient plasma
species. The typical spectral line width of an ECEQwvas found to be in good coincidence
with values already reported in the literature. d&hinately the cw EC-QCLs under the study
cannot be driven in a pulsed mode. Therefore d@iffemethods for the modulation, tuning
and chopping of the laser radiation have beendestemmon used chopping techniques
based on mechanical elements are limited in fregyyemhile the usage of an AOM provides
chopping frequencies up to the MHz region resultm@ssentially improved signal to noise
ratios. Varying the power values of an EC-QCL invidle range at the used low pressure

conditions no saturation effects could be founthapresent study.

The used EC-QCLs are advantageously for multipkecisg detection, in case time
resolution is not an issue. Tuning the laser jysthie step motor over the entire spectral range
the sensitivity suffers from relatively big fringesen in the mode hop free regions. Therefore
the use of the PZT for tuning of small spectraldaws, where the influence of these fringes
is less disturbing, is one of the preferred workingdes for plasma diagnostics. The high
power values of up to several hundreds of mW siieglion one hand several problems of
former spectroscopic approaches of plasma diagispdiut back reflection of light into the
EC-QCL causes mode instabilities and must be adaaael possible non-linear effects should
be considered. In general, for plasma diagnostiscpgses EC-QCLs do not only provide
multiple species detection useful for basic redeatcfurther advantage is their compactness,
which opens up a new potential for the developnoérdgpectrometers applicable for species

monitoring and process control in industry.



8 Plasma chemistry Iin RF plasmas

containing AT

In Ar and Ar/N; RF plasmas with admixtures of aluminum tri-isopoxide (ATI) the
fragmentation of this metal-organic precursor haerb studied by means of infrared
absorption spectroscopy (IR-AS) using an exteraaltg quantum cascade laser (EC-QCL)
arrangement. The experiments were performed irsgmiaetric capacitively coupled reactor
at a frequency df= 13.56MHz and a pressure of up pe 10 Pa. The discharge power was in
the range ofP=40-100W. Using EC-QCLAS the evolution of the concentraticof six
stable molecules, CG{HC,H,, CH4, H,O, HCN and HN@, has been monitored in the plasma.
The concentrations of these plasma chemical preduete found to be in the range of about
7 x 10'%— 2 x 10" moleculecmi® [20].

8.1 Introduction

Metal organic precursors are frequently used ismka processes for the deposition of
metal oxide layers. The advantage of these preuisothat they have a relatively low
boiling point and, thus, they can easily be ingkrtg@o a plasma. Typical precursors for
plasma-enhanced chemical vapor deposition (PEC\fRlude for example silane [21],
hexamethyldisiloxane (HMDS@22, 23] and aluminum tri-isopropoxide (ATI). Inmoast to
silicon-based precursors, which have been wideiglietl in plasmas, only a few publications
exist about the usage of aluminum-based precurgdts Already in the late 1960's
Daaschet al made first investigations on ATI [25]. Howevergfle investigations were not
performed under plasma conditions. They used maextr®ometry to determine the

components of hot ATl gas. One of their results,what ATI consists of different types of
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species with the formula (Al(Q€l;)s3)x, where x ranges from 1 to 7. For illustration, in
figure 8.1 the monomeric and tetrameric structure of ATshown. Solid ATl was studied by
Folting et al in the 1990°‘s [26] and by Turuwa al already in 1979 [27]. They carried out
X-ray diffraction to determine crystal structureddmond lengths.

An important use of ATI is for the deposition of, 8 layers in CVD processes [28].
For example, cutting tools are coated with@ layers. These layers show high hardness,
chemical resistance and low thermal conductivithicl is needed for high performance
cutting applications [29]. Another example for aloe deposition is the use as diffusion
barrier. These barriers are needed for the proglucti OLED devices to prevent permeation
of O, and HO through the flexible plastic substrates [30]. Aldo shows catalytic effects in
chemical processes, for example for the co-polymaéon of cyclohexene oxide with GO
[31].

Figure 8.1: (a) Monomeric and (b) tetrameric ATI [20] .

In the past properties of AD, layers have been studied using different methiodghe
1980°'s Saraieet al measured the deposition rate ofy®@J) layers in CVD processes in
dependence on the substrate temperature and @otinee gas supply by multi-interference
microscopy [32]. Huntz and co-workers made in gittestigations on growing layeusing
X-ray diffraction and scanning electron microsco[838]. They also investigated the
transformations occurring in ADy layers during heat-treatment. Long-term stabitifythe
deposited alumina layers is an important issue.imbestigations of Sovaat al showed that
despite the ageing of ATI, it can be used prin¢ypldr depositing stable ADy layers [34].
For high temperature applications also mixed stmest were used. For example@J and
SiO, layers were deposited on polyimide compositestiermo-oxidative protection. These

coatings improved the stability of polyimide compes at elevated temperatures [35].
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Although ATI containing plasmas are used for defpasiin PECVD processes [36] the
chemical reactions are far from being completelglaratood in these plasmas. In discharges
containing ATI for an analysis of chemical phenomarformation about the absolute ground
state concentration of molecular precursors, fragmend products including transient
species like radicals in relation to the dischapgeameters as e.g. gas mixture and power

would be very helpful.

Tunable diode laser absorption spectroscopy (TDLAS}he mid-infrared spectral
range using lead salt lasers as radiation souragedéen proven to be a versatile diagnostic
techniqgue of molecular gases and plasmas. In p&aticTDLAS is well suited for the
measurement of absolute ground state concentrabioaswvide variety of molecular species
including radicals and molecular ions thereby padowg a link with chemical modelling of the
plasma (see [5] and references therein). Until nitv, main applications of TDLAS have
been for investigating molecules and radicals uorbcarbon etching plasmas [37] and in
plasma containing hydrocarbons [5]. For the sinmdtais monitoring of multiple molecular
plasma species TDLAS systems, which make use ofrakVead salt lasers, have been
developed in the past [12, 13]. In contrast to ATé plasma based fragmentation of other
precursors, as silane and HMDSO, has been alremggtigated in several TDLAS studies,
e.g [38, 39].

The recent development and commercial availabditypulsed and continuous wave
quantum cascade lasers (QCLs) for wavelengths toihge 3.4um and inter-band cascade
lasers (ICLs) for shorter wavelength offer an atix@ new option for mid-infrared laser
absorption spectroscopy (MIR-LAS) for plasma diagjimopurposes. Distributed feedback
(DFB) QCLs provide continuous mode-hop free wawgllentuning. Their total emission
range is typically limited to less tharcii’. Therefore, a multi-component detection to study
infrared active compounds in reactive plasmas requias in the TDLAS case, the
combination of several QCLs in a spectrometer [M¢anwhile the variety of QCLs and
ICLs operating at room temperature are considesesudstitutes for cryogenic cooled lead
salt lasers, which has led to a rapid developmémMI®-LAS from a niche position to a
standard diagnostic technique [18], even for thadyst of metal-organic precursor

fragmentation, as silane and HMDSO, and also airflarbons in plasmas [41-43].

Recently, tunability over much broader spectralgemnthan with a typical lead salt
lasers or DFB-QCL has been achieved using exteanaty (EC) configurations. Nowadays,

EC-QCLs, which are available in pulsed or contirmigew) wave working mode, can be
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tuned over more than 1@&. Modern cw EC-QCL provide mode-hop free tuninggesiin

the order of up to 80 ch at small line width of typically 20 to 8@Hz (6 —18x 10* cm'Y)

at power values of up to 150 mW [44]. At present-@CLs are used for an increasing
number of applications including high resolutiontegpe analysis, trace gas monitoring and
explosive detection [45-47]. Recently, cw EC-QClavdn been tested as radiation sources for

MIR-LAS studies of molecular plasmas [1].

In the presented investigation chemical phenomdnArcand Ar/N, RF discharges
containing ATl as metal-organic precursor have kieghe focus of interest. Using MIR-LAS
based on a cw EC-QCL arrangement the evolutionhef ¢oncentrations of six stable
molecules, Cl GH,, CH4, H,O, HCN and HNG@, has been monitored in the plasma. One
of the objectives was to determine main fragmeoagpathways of the ATI precursor
molecule and to receive information about the ierfice of added rare and molecular gases, as
e.g. Ar and Ar/N.

8.2 Experimental

The investigations have been performed in an asynuneapacitively coupled RF
discharge at a frequency 6f 13.56 MHz. The vacuum chamber with a volume ofutb
50 dn? is cylindrical with a plain electrode and sevaatts for diagnostics approaches. The
used RF generator was a CESAR\TM 133 from Advarieeergy Industries. The vacuum
chamber was evacuated by a turbo pump (Varian Turi891) and a roughing pump
(Varian IDP3 scroll pump). The pressure was measbsea pirani and a baratron vacuum
meter. As shown in the scheme of the experimemlpsin figure 8.2, on the top of the
chamber the gas inlet for carrier and reactiveigdscated. As carrier gas argon (99.999%)
and nitrogen (99.999%) and as metal-organic precudd| were used. The measurements
were performed at pressure values of up+ol0 Pa and at discharge power values in the
range ofP=40 — 100 W. To keep the total pressure consthatAr and N gas flows were
adjusted manually by a needle valve and the ATIflgasby a viscometer. The ATI vapor was
provided by a special designed heating system.tiitim-molecular pump has a throughput
of 1 mbar & at the operating pressure, leading to a residé¢ince of about 1s for the

incoming gas flow.

By variation of one of the parameters, (i) discleagogwer, (ii) total pressure or (iii) gas

mixture, molecular concentrations of generatedlstaiolecular species, GHCH,, CoHa,
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H,O, HCN and HNQ, were measured by an EC-QCL absorption spectronméte scheme
of the spectrometer is given in figure 8.3. Thelgetonsists (i) of the radiation source, an
EC-QCL, Daylight Solution, with a full tuning pobdity in the range of 1305 to 1445 ¢n
providing a mode hop free range between 1345 anf &' at a maximum power of about
150 mW, (ii) a chopper, (iii) two standard HgCdeettors for measuring and reference path
and (iv) opto-mechanical elements for beam guidiRgrther details can be found in
reference [1]. The infrared laser beam from the@ClL- system has a diameter of about 1 cm
and is transferred using gold-coated mirrors viarBidows to an optical long path cell
(White cell type [9], 20 passes, absorption lendth8 m), which is mounted to the plasma
chamber for improved sensitivity (figure 8.2). Tmde laser beam leaving the cell was
focused on a standard HgCdTe infrared detector oyoff-axis parabolic mirror. The
identification of lines and the determination oéithabsolute positions were carried out using
well-documented reference gas spectra and an et#ldknown free spectral range for
interpolation. Spectral positions and absorptiare listrengths of molecular ground state

absorption lines used for the measurements aedllisttable 8.1.

EC-QCL

Vacuum meter

Mass /

spectrometer

/ Gas inlet

RF electrode  Multj Pass Optics \
Outlet to \ i M3® T ,
pump T ; 1 ‘ ™M
It \ N |OAP

Optical path of the
laser absorption
spectroscopy

Matchbox

Reactor i

Figure 8.2: Experimental arrangement of the  Figure 8.3: Scheme of the EC-QCLAS

RF plasma reactor [20] . spetrometer in combination with the RF plas-
ma reactor. (CH: chopper, M1-M3: mirrors,
BS beam splitter, RC: reference gas cell, D1,
D2: HgCdTe detectors, FM: focal mirror,
OAP: out of axis paraboloid) [20] .
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Table 8.1: Species, spectral positions and line strengths used for the EC-QCLAS
measurements [ 7] .

Species

Spectral position

Absorption line strength

[em™] [em™/( molecule cm™)]
CH, 1332.731 9.557E-20
C,H, 1332.803 4.583E-20
C,Hy 1413.212 5.645E-21
H,O 1375.086 1.490E-20
HCN 1382.514 4.408E-20
HNO; 1332.891 1.530E-20

The used data acquisition method is an advanced &rsweep integration which is
carried out based on the software package TDLW[a&]l

Absolute species concentrations are returned frmmonlinear least-squares fits of the

measured absorption features so that externalraibh is not required. For the calculations

of the concentrations a gas temperature of 300 &wgad since this is a good average for the

gas temperature over the line of sight, comprisivegactive zone over the discharge electrode

and the afterglow surrounding them, and over thesmof the measurement.

Figure 8.4 shows an exemplary spectrum of,H, and HNQ absorption lines in an
Ar/N,/ATI plasma.
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Figure 8.4: Exemplary spectrum of of CH,, C,H, and
HNO; absorption linesin an Ar/No/ATI plasma [20] .
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8.3 Resultsand discussion

The plasma chemical study of the ATl fragmentationthe RF plasma has been
performed for two different conditions of the gasture, i.e. case 1: within a pure ATI-Ar
mixture and case 2: using an ATL-Mr feed gas. In figures 8.5 - 8.7 the experimergallts

for the ATI-Ar case are given.
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Figure 8.5: Concentration of CH, - m, Figure 8.6: Concentration of CH; - m,
CH, - o, CH, - A and HO - x in CH, - o CH; - A and H,O - x in
dependence on the discharge power in an dependence on the pressure in an Ar/ATI
Ar/ATI plasma, p=6Pa, ratio Ar/ATI=2/1 plasmaP= 80 W, ratio Ar/ATI=2/1[20].
[20].

Some useful generalizations follow from these feguiThe concentrations of the plasma
chemical products, CH CH,, CH, and HO, were found to be in the range of about
7 x 10%— 2 x 16* molecules cii. Plasma dissociation of the ATI precursor molesiéads
not only to AlQ, fragments but also to a relatively high densitynadthyl (CH) groups and
hydrogen [48].

The methyl radicals can directly react with hydmoge methane (Ch:
CH; +H - CH, (8.1)

In a plasma environment also acetylene as welktlageme are formed by two methyl
groups, see formula (8.2) and (8.3) [49, 50].

CHy + CH; —» C,H,+4H (8.2)

CHy + CH; —» C,H,+2H (8.3)
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The largest of the hydrocarbon product moleculesH,C shows the Ilowest
concentration, while acetylene is appearing withtitlghest density. For methane intermediate
values could be monitored. It is interesting toendhat the concentrations ofk; and GH,4
decrease with power, while the methane concentragimains nearly constant, see figure 8.5.
This behaviour may be caused by the increasingegegfrdissociation with power not only of
the ATI precursor molecule, but also of the highgdrocarbon products. Hydrogen can be

dissociated from g, or GH,4 by electron collisions [51, 52]:
C;H, + e - CbH+H+ e” (8.4)
C,H, + e~ > C,H;+H+ e” (8.5)

The enhanced dissociation is caused by an increeslédion rate of electrons and

molecules due to higher electron density with iasneg RF power [48].

As expected the concentration of all four molecpecies increases with increasing
pressure, see figure 8.6. A comparable behaviowb®served, in case the total pressure
remained constant and only the ATI partial pres$ia® been varied as shown in figure 8.7.
This observation indicates that the increasing gfElssure results in a higher concentration of

fragmentation products.

In all of these three experiments the water comag#oh was found to be on a
comparable high value, reaching a maximal value &f10"* moleculecm® at high ATI
admixture (figure 8.7). In general the detectedewaan originate from two different sources,
(i) from the plasma chemical conversion of ATI gngfrom residual water inside the reactor,
in particular, adsorbed at the reactor walls. Fthenpresent experimental results, it is difficult
to distinguish between these two sources. Howerer,could speculate that the main source
is the ATI precursor itself, because the amounwater is nearly constant for a constant ATI

admixture (figures 8.5 and 8.6) but it is incregsam higher ATl admixture (figure 8.7).

For the second experimental situation, case Zgett was used additionally as feed gas
component. In the available spectral range of tseduEC-QCL two other additional
molecular species could be identified, HCN and HN®hese molecules are certainly
generated by reactions of ATl fragmentation proslwgth nitrogen. The results of the plasma
chemical QCLAS study are shown in figures 8.8 a:®d 8
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Figure 8.7: Concentration of CH, - m, C;H, - o, C;H, - A and
H,O - x in dependence on the mixing ratio of Ar to ATI, givenin
pressure values, in an Ar/ATI plasma, p= 6 Pa, P= 80 W[20].

In figure 8.8 the concentration of six observabledpict molecules, CH CH,, CoHa,

H,O, HCN and HN@, in dependence on the discharge power in an AN plasma with a
mixing ratio of 1/1/1 at a total pressurepsf 6 Pa are given. It is interesting to note, that the
concentrations of all molecules, except water, sllomaximum at medium power values
between 50 and /. The decrease of concentration abové\Bthay be explained by more
effective collisions of electrons with nitrogen maolles, finally leading to a limited
fragmentation of ATl. The maximum concentration wisind for GH, to be about
5x10" molecules cii, followed by HCN, HO and CH. A second group of molecular
species is formed by.,8, and HNQ with concentrations of about one order of magmtud

lower than the species of the former group.

With increasing admixture of ATl compared to theagen partial pressure again most
of the molecules show increasing concentrationse@xdHCN (figure 8.9). For the
concentration of HCN a slight maximum was found@tATIl admixture of about Ra. The
concentration of HN@was again in the range of ‘f@noleculecm™. The coupled process of
decreasing nitrogen pressure and increasing ATteammation makes it difficult to give an
explanation about the formation of HCN and HN®garding the fragmentation process and
the chemical reactions of the products with nitrogBut it seems to be obvious that the
different electron collision cross sections for Adrid N dissociation are the reason for this
behavior, e.g. the importance of different reactarannels in dependence on the plasma

process conditions causes the observed changes. tReeAr-N, mixing ratio can have a
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considerable influence on the dissociation behavidhe molecular feed gases, as described
by Saloum and co-workers [53].
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Figure 8.8: Concentration of CH, - m, Figure 89: Concentrations of CH; - m,

CHs; -9, CHs- A, HO-x, HCN - o and CHs;-9o,CHs- A, HO - x, HCN - o and

HNOs; - o in dependence on the discharge HNO; - o in dependence on the mixing ratio

power in an Ar/N,/ATI plasma, p= 6 Pa, ratio of N, to ATI, given in pressure values, in an

Ar/No/ATI=1/1/1[20]. Ar/No/ATI  plasma, p=6Pa, pa=2Pa,
P=80WJ[20].

8.4 Summary and conclusions

In the present study the absolute ground stateerdrations of six stable species under
a wide range of experimental conditions have besterthined by infrared laser absorption
spectroscopy providing a link with the fragmentathleehaviour of ATl in a capacitively cou-
pled RF discharge. The final objective to get advetinderstanding of chemical processes
occurring in plasmas containing metal-organic preats for metal oxide PECVD deposition
can be achieved by applying this method. Althouglesal molecular species concentrations
have been monitored in absolute scale, the maasd®bf the whole ATI fragmentation pro-
cess is far to be comprehensively analysed. Ftuidies should include (i) the ATI precur-
sor molecule itself, (ii) further stable, in padiar higher hydrocarbon molecules as well as
other important intermediates, but also (iii) amfitative analysis of the molecular production
rates in the discharge. Especially, other radi@ddpor example CHC,H, CH,, CH and met-
al-organic species should be monitored. Further,cthmbination of infrared absorption with
mass-spectrometric techniques, see reference [AB8fenthe complex fragmentation of the

ATI molecule were studied recently, could lead toaptimization of deposition processes



Plasma chemistry in RF plasmas containing ATI 157

and to an improved modelling potential for ATl caining plasmas based on kinetic data as

e.g. reliable reaction rates.

It has been shown, that based on the attractivyeepties of EC-QCLSs, as in particular (i)
wide spectral tunability, (ii) intrinsic narrow Bnwidth, and (iii) high output powers, this
radiation source for absorption spectroscopy hdsgh potential to be applied for other
plasma diagnostic purposes. In particular EC-QCL#&Svell suited for the monitoring of
multiple species including larger plasma componestiaracterized by broader spectral
features and also to be used under atmosphericsyseesconditions, where pressure
broadening effects have to be considered [54].Heurinteresting fields like the kinetics of
oxygen containing electronegative plasmas and@ismomena of plasma surface interaction

should be accessible using these new MIR radisamnces.



158

Chapter 8

Bibliography for Chapters7 and 8

[1]

[2]
[3]
[4]
[5]

[6]
[7]

[8]
[9]
[10]

[11]

[12]

[13]

[14]
[15]

[16]

D. Lopatik, N. Lang, U. Macherius, H. Zimmernmand. RépckeMeas. Sci. Technol.
23, 115501 (2012).

E. Hirota, K. KawaguchiAnn. Rev. Phys. Chem. 36, 53 (1985).
P.B. DaviesSpectrochim. Acta 55, 1987 (1999).
R.F. Curl, F.K. Tittel Ann. Rep. Prog. Chem., Sect. C. Phys. Chem. 98, 219 (2002).

J. Ropcke, G. Lombardi, A. Rousseau, P.B. Daiasma Sources ci. Technol. 5,
S148 (2006).

M. Lackner,Rev. Chem. Eng. 23, 65 (2007).

L.S. Rothman, D. Jacquemart, A. Barbe, D.C. igen M. Birk, L.R. Brown,
M.R. Carleer, C. Chackerian, K. Chance, L.H. Couyd&t. Dana, V.M. Devi,
J.M. Flaud, R.R. Gamache, A. Goldman, J.M. HartmdtaiwV. Jucks, A.G. Maki,
J.Y. Mandin, S.T. Massie, J. Orphal, A. Perrin, .CHRnsland, M.A.H. Smith,
J. Tennyson, R.N. Tolchenov, R.A. Toth, J. Vandawara, P. Varanasi, G. Wagner,
J. Quant. Spectrosc. Radiat. 96, 139 (2005).

Daylight SolutionslUser Manual, Rev.A 2009.02.
J.U. White,J. Optical Soc. America 32, 285 (1942).

F. Hempel, P.B. Davies, D. Loffhagen, L. Melthal. R6pckePlasma Sources Sci.
Technol. 12, S98 (2003).

D. Dahl,Master Thesis, University of Greifswald, 2009.

J.B. McManus, D. Nelson, M. Zahniser, L. MelthoM. Osiac, J. R&pcke,
A. RousseauRRev. ai. Instr. 74, 2709 (2003).

J. Ropcke, L. Mechold, M. Kaning, J. Ander$; FWienhold, D. Nelson, M. Zahniser,
Rev. &ci. Instr. 71, 3706 (2000).

H.R. Griem Plasma Spectroscopy, McGraw-Hill Book Company, New York, 1964.
C.W. Van Neste, L.R. Senesac, T. Thundapl. Phys. Lett. 92, 234102 (2008).

X. Liu, Y. Xu, Z. Zu, W.S. Tam, |. LeonoVAppl. Phys. B: Lasers and Optics 102,
629 (2011).



Plasma chemistry in RF plasmas containing ATI 159

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]

G. Duxbury,Infrared Vibrational-Rotation Spectroscopy: from Free Radicals to the
Infrared Sy; Wiley: Chichester, UK, 2000.

S. Welzel, F. Hempel, M. Hubner, N. Lang, PBavies, J. RopckeSensors 10,
6861 (2010).

S. Welzel, J. Ropcképpl Phys B 102, 303 (2011).

D. Lopatik, S. Niemietz, M. Frohlich, J. RomgkH. KerstenContrib. Plasma Phys. 1,
201200044 (2012).

K. Bhattacharya, D. Dadlanotechnology 18, 415704 (2007).
M. Hahnel, V. Bruser, H. KersteRlasma Process. Polym. 6, 629 (2007).
S. Bornholdt, M. Wolter, H. Kerste&ur. Phys. J. D 60, 653(2010).

H. Kersten, G. Thieme, M. Frohlich, D. Boji©.H. Tung, M. Quaas, H. Wulff,
R. Hippler,Pure Appl. Chem. 77, 415(2005).

L. Daasch, H. Fale®rganic Mass Spectr. 2, 1043(1969).

K. Folting, K.E. Streib, K.G. Caulton, O. Patet, L.G. Hubert-PfalzgraRolyhedron
10, 1639(1991).

N.Y. Turova, V.A. Kozunov, A.l. Yanovskii, N.G Bokii, Y.T. Struchkov,
B.L. Tarnopolskii,J. Inorg. Nuclear Chem. 41, 5 (1979).

S. Blittersdorf, N. Bahlawane, K. Kohse-Hdimgls, B. Atakan, J. MilleiChemical
Vapor Dep. 9, 194(2003).

M. Kathrein, W. Schintimeister, W. Wallgram, Schleinkofer,Surf. Coat. Technol.
163, 181(2003).

M.D. Groner, S.M. George, R.S. McLean, P.F.rc&g Appl. Phys. Lett. 88,
051907 (2006).

T.A. Zevaco, A. Janssen, J., Sypien, E. Dinfareen Chem. 7, 659 (2005).
I. Saraie, J. Kwon, Y. Yodogawa, Electrochem. Soc. 132, 890(1985).

A.M. Huntz, M. Andrieux, C. Vahlas, M.M. Sovyab. Samelor, A.N. Gleizes,
J. Electrochem. Soc. 154, 63(2007).

M.M. Sovar, D. Samelor, A. Gleizes, C. Vahl@sf. Coat. Technol. 201, 9159(2007).



160 Chapter 8

[35] L.M. Miller, D.A. Gulino, Surf. Coat. Technol. 68, 76(1994).

[36] H. Kersten, R. Wiese, G. Thieme, M. Frohlidh, Kopitov, D. Bojic, F. Scholze,
H. Neumann, M. Quaas, H. Wulff, R. Hipplé&ew J. Phys. 5, 93.1(2003).

[37] S. Stepanov, J. Meichsn&asma Sources ci. Technol. 21, 024008 (2012).
[38] C.Yamada, E. Hirot&hys. Rev. Lett. 56, 923(1986).

[39] J. Ropcke, G. Revalde, M. Osiac, K. Li, J. bhsinerPlasma Chem. Plasma Process.
22, 139(2002).

[40] M. Hlbner, S. Welzel, D. Marinov, O. Guaitel®. Glitsch, A. Rousseau, J. R6pcke,
Rev. ci. Instr. 82, 093102 (2011).

[41] R. Bartlome, A. Feltrin, C. BallifAppl. Phys. Lett. 94, 201501(2009).
[42] M. Wolter, M. Hundt, H. Kersten/facuum 85, 482(2010).

[43] S. Welzel, S. Stepanov, J. Meichsner, J. Répdk Phys. D: Appl. Phys. 43,
124014 (2010)

[44] R.F. Curl, F. Capasso, C. Gmachl, A.A. Koswr8. McManus, R. Lewicki,
M. Pusharsky, G. Wysocki, F.K. Titteélhem. Phys. Lett. 487, 1 (2010).

[45] R.J. Walker, R.J. Van Helden, G.A.D. Ritchfem. Phys. Lett. 501, 20 (2010).
[46] A. Karpf, G.N. RaoAppl. Optics 49, 1406 (2010).

[47] R. Furstenberg, C.A. Kendziora, J. Stepnows&iV. Stepnowski, M. Rake,
M.R. Papantonakis, V. Nguyen, G.K. Hubler, R.A. MEGAppl. Phys. Lett. 93,
224103 (2008).

[48] S. Niemietz, M. Frohlich, H. Kersten,Plasma Process. Polym. DOI:
10.1002/ppap.201200012. (2012).

[49] M. Masi, C. Cavallotti, S. Carr&hemical Engineering Sci. 53, 3875(1998).

[50] K. Bleecker, A. Bogaerts, W. Goedheer, R. @gh|EEE Trans. Plasma <ci. 32,
691(2004).

[51] M. Hundt, P. Sadler,l . Levchenko, M. Woltet, Kersten, K. OstrikovJ. Appl. Phys.
109, 1233052011).

[52] E. Kovacevic, |. Stefanovic, J. Berndt, J. éinJ. Appl. Phys. 93, 2924(2003).



Plasma chemistry in RF plasmas containing ATI 161

[53] S. Saloum, M. Naddaf, B. Alkhaled,Phys. D: Appl. Phys. 41, 045205 (2008).

[54] S. Reuter, J. Winter, S. Iseni, S. PetersSéhmidt-Bleker, M. Dunnbier, J. Schéfer,
R. Foest, K.-D. Weltmanrlasma Sources Sci. Technol. 21, 034015 (2012).



162 Chapter 8




9 Conclusions and outlook

Methods of infrared laser absorption spectroscdiRyLAS) employing several types of

semiconductor lasers have been applied to getrbete inside processes occurring in non-

equilibrium plasmas. Additionally to the phenomeof plasma-surface interaction, the

knowledge of the kinetics of the surrounding gaagehas well as reactive plasma chemistry

were under the focus of this study.

The most important results obtained in the presenterk and suggestions for further

research are summarized as follows:

1.  Active screen plasma nitriding processes

v

Two spectroscopic techniques TDLAS and QMS have lagplied for monitoring
of the reactions in the N, pulsed DC plasma in industrial-scale reactor.

Strong evidence for the dependence of the bibhcentration on the N, mixture
ratio for different values of the bias power wasated. An increase of the bias
power as well as the admixture of bigger amountdHgfup to 50% leads to
increasing concentration of NHwhich was found to be in the range of
5 x 10" — 2x 10 molecules cmi.

A clear coincidence of TDLAS and QMS measuremeatsieen seen.

Several probe nitriding tests has been proven thatgeneration rate of the W¥H
species depends on the ASPN process conditions aeldted to the activity of the
active nitrogen. A 1:1 gas mixture of the-N, process gases was found to be most
effective to get thick compound layers.

The results of performed measurements will defipitend further practical
application, whereas the determination afu) relaxation probability on different

surfaces f,, ) using the method proposed in chapter 5 as weltietter control of
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concentration and the energetic state gbpecies during the ASPN process are the
future diagnostic challenges.

2. Dust producing RF plasmas

v' The temporal evolution of the concentrations of thethyl radical and of four
stable molecules, £,, CH;, G;H4 and CO, has been studied in dust producing Ar
and He RF-cc plasmas with admixtures gHgand CH simultaneously to dust
particle formation processes.

v' The degree of dissociation of acetylene was fooruktnearly constant in the range
of 96% under stabilized conditions for both the afd He plasmas, whereas the
degree of dissociation of the methane varied betvd&8o and 90% depending on
the appearance of dust patrticles in the reactarveland on the Ar or He plasma
conditions.

v' Strong correlation of the concentrations of all togdirbon species with the
dynamic of the dust formation has been observed.

v' A different reactivity of the He plasma comparedhnihe Ar plasma has been
shown by analyzing the temporal concentration foage when Clihas been used
as hydrocarbon precursor instead gf& In Ar containing plasma the,B, density
reached the value of ¥molecules crii in less than 60 s. In contrast, in case He as
buffer gas was used, theH; concentration stabilized first in 7 min, but reiacha
one order of magnitude higher in the range df hblecules cnf.

v' The observed dynamics of @ldoncentration is in a good agreement with a sfart
the nucleation process of the dust production.

v' Detected CO molecules probably come from the inteEma of plasma with the
previously deposited layers on the reactor walls.

v"In additional, absolute fragmentation efficiencodsC,H, and CH and conversion
efficiencies of the observed GHCH,, C;H;, and CH have been estimated (see
sub-chapter 4.3.3 or table 4.3)

> In-situ analysis (for example transmission FTIR) of furtls¢éable, in particular
higher hydrocarbon molecules as well as other faeecals (GH, CH, and CH) is
required in order to get a deeper insight intorttechanism of dust producing RF
discharges. The further development of plasma-ctemiodels is a good potential

to get an improved knowledge about kinetic dat@lementary reactions.
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3.  Surfacevibrational relaxation of Ny

v' Based on a nearly resonant fast vibrational trarsééwveen of Mv) and titration
molecule a new experimental technique for the stfdihe vibrational relaxation

probability of No molecules , ) on different surfaces exposed to low-pressure

plasmas has been proposed.

v' The vibrational relaxation of titration molecule @& was monitored using an
in-situ QCL diagnostics (TRIPLE Q) after a few ms longctisrge pulse.

v. A good agreement between measurements and modehiag allowed
determination of the value of the,(M= 1) relaxation probability found to be
y= 11 x 10° for Pyrex and silica,y;= 9 x 10° for smooth TiQ surfaces and
yi= 4 x 107 for sol-gel films impregnated with Tidparticles. These results are well
correlated with literature values.

v It has been estimated, that the surface deactivapimbability of N(v) is
proportional to the varying initial mixture comptien. This effect was explained
by vibrational energy transfer between the excged phase nitrogen molecules
and adsorbed COnolecules.

v" Furthermore, C@ titration was found to be a feasible technique (V)
vibrational temperature measurement in the aftergiba pulsed dc discharge.

» Forthcoming measurements may include the study,afeMxation probability on
the example of titration with other molecules, €§ and NO. The investigation

of y,, by the infrared titration technique in combinatioith QCLAS on a variety

of oxide surfaces can be an interesting challenge.

4,  Atomic oxidation on TiO, surfaces

v' The reactivity of catalytic surface exposed to Ipressure RF discharge on the
example of the oxidation of H,; and CO on the Ti®has been investigated by
time-resolved QCLAS using TRIPLE Q spectrometer.

v It has been found, that under RF oxygen plasmasxppreactive oxygen species
could be grafted on the TiGand they reactivity depend on the reacting mokcul
Moreover, reactivity of @stowards GH, has been proven.

v" A value of about 7.% 10'2 C,;H, molecules ci has been calculated as a value of
the maximum number of 8 lost on the TiQ exposed to oxygen plasma.

v In the adsorption phase the oxidation gHginto CQ, has been detected to be only
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v

about 2% of the introduced carbon molecules. Furdiféective oxidation of
ca. 50% of the adsorbed acetylene to,®@s been achieved owing to stimulation
by heating or UV radiation. It has been proven faet, that the reaction
(Oads*+ GH2)tioz produces some adsorbed intermediates.

Additional, the influence of photo-catalytic oxidat on effective destruction of
CO has been demonstrated.

However, the application at industrial conditioreqquires atmospheric pressure
discharges and adsorption of oxygen atoms at cldaogeditions on the surface
must be considered. In order to answer this questioe interaction between
catalyst surface and atmospheric pressure dischhege to be investigated.
Moreover, further studies are necessary for a deapderstanding of reaction
mechanisms on different catalytic surfaces preteéily the plasma exposure, for

examplein-situ analysis of adsorbed species by transmission FTIR.

5. Multi-component EC-QCL spectroscopic measurements of MW plasmas

v

Several EC-QCLs operating between 1305 and 2260 @2 — 7.66um) have
been successfully tested as a broad spectral i@dsturce for direct spectroscopy
measurements for investigation of As/8H, MW plasma.

The evolution of molecular concentrations of thegorsor molecule CHand of
selected reaction products, as HCN;HE and HO has been monitored for
changing CH admixture or the power at constant pressure. Timeber density of
observed molecular species has been found to behen range of about
10" — 10° molecules cii. It has been also established, that the Edhcentration
depends only slightly on the nitrogen content oé thlasma, while strongly
decreases with increasing power.

From the Doppler widths of several selected spkedires the neutral gas
temperaturdy in dependence on the discharge power has beemiletel.

Further, on the example of He/Ar MW discharge, dpplication of EC-QCL for
the sensitive detection of transient plasma has lEsnonstrated. Using WMS
technique, the detection absorption limit was estéd to be in the range of 10

By the way, influence of other parameters on th@sueements results has been
checked. It has been shown, that choosing of metfadthe modulation, tuning
and chopping as well as rational power values shbelcarefully performed.

It is to be concluded, that the tested on MW plas-QCLs is a useful
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spectroscopic radiation source Using these new infrdred radiation sources,
further fields like the kinetics of oxygen contaigi electronegative plasmas and

also phenomena of plasma surface interaction shmubtcessible.

6.  Metal-organic precursor in RF plasmas

v' The investigation of chemical processes occurringplasmas containing metal-
organic precursors for metal oxide PECVD depositias been performed using
methods of IRLAS based on the attractive propedfdsC-QCLs.

v' The absolute ground state concentrations of siiletspecies (Ci{ C:H,, GHa,
H,O, HCN and HNG@) have been determined under a wide range of expetal
conditions in Ar and Ar/M RF plasmas with admixtures of aluminum
tri-isopropoxide (ATIl). These values were found te in the range of
about 7 x 18 — 2 x 16* molecules cm.

v' The appearance of HCN and HBl@olecules in discharge was explained as a
generation by reactions of ATI fragmentation pradweith introduced nitrogen.

» Better understanding of occurring processes andgitsan species control can
support optimization of deposition processes andrproved modelling potential
for ATI containing plasmas based on kinetic dataer€fore, future studies should
collect information about the ATI precursor molexibkelf and about further stable
important intermediates, with a focus on radicasa example Ck C,H, CH,,
and CH. A following quantitative analysis of the le@ular production rates in the

discharge is also needed to get deeper insight.
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10 Appendix

10.1 Abbreviations

AC
AD
AOM
AS
ASPN
ATI
CARS
CCP
CEA
CL
CRDS
CVD
CW
DBD
DBR
DC
DFB
EC
EC-QCL

Alternating Current
Analog-to-Digital
Acousto-Optical Modulator
Active Screen

Active Screen Plasma Nitriding
Aluminum Tri-Isopropoxide
Coherent Anti-Stokes Raman Scattering
Capacitively Coupled Plasma
Cavity Enhanced Absorption
Compound Layer

Cavity Ring-Down Spectroscopy
Chemical Vapor Deposition
Continuous Wave

Dielectric Barrier Discharge
Distributed Bragg Reflector
Direct Current

Distributed FeedBack

External Cavity

External Cavity Quantum Cascade Laser
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EEDF Electron Energy Distribution Function

FSR Free Spectral Range

FTIR Fourier Transform InfraRed (Spectroscopy)
FWHM Full Width Half Maximum

GC Gas Chromatography

GDOES Glow Discharge Optical Emission Spectrometry
GEISA Gestion et Etude des Information Spectrpspes Atmosphérique
HITRAN High Resolution Transmission

HMDSO HexaMethylDiSilOxane

HTP High-Temperature Plasma

HWHM Half Width Half Maximum

ICL Inter-band Cascade Laser

ICP Inductively Coupled Plasma

IR InfraRed

IR-LAS InfraRed Laser Absorption Spectroscopy
IRMA Infrared Multi-component Acquisition System
LIF Laser Induced Fluorescence

LTP Low-Temperature Plasma

MCT Mercury Cadmium Telluride

MFC Mass Flow Controller

MHF Mode-Hop Free

MIR Mid InfraRed

MIR-LAS Mid InfraRed Laser Absorption Spectroscopy
MPA Multiple Pass Absorption

MS Mass Spectrometry

MW MicroWave

OAP Off-Axis Parabolic (Mirror)

OAS Optical Absorption Spectroscopy

OES Optical Emission Spectroscopy

OLED Organic Light-Emitting Diode

PECVD Plasma-Enhanced Chemical Vapor Deposition
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PZT
QCL
QCLAS
Q-MACS
QMS

RF

SNR

TDL
TDLAS
TRIPLE Q
VDF

Yolo
VUV
WMS
XUV

PieZoelectric Transducer

Quantum Cascade Laser

Quantum Cascade Laser Absorption Spectrgscop
Quantum cascade laser Measuring And CofSlystem
Quadruple Mass Spectrometry

Radio Frequency

Signal-to-Noise Ratio

Tunable Diode Laser

Tunable Diode Laser Absorption Spectroscopy
3-channel QCLAS spectrometer

Vibrational Distribution Function

Volatile Organic Compound

Vacuum UltraViolet

Wavelength Modulation Spectroscopy

Extreme Ultraviolet
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10.2 List of symbols

AE

Eo

Ei (B
f

D, Do, Bota
9i (99

14

h

/i

|

lo

labs

| offset

ltrans, 1(1)
v

k

k(V)

K

l, L

/

m'z

absorption coefficient

amplitude of the modulated frequency
Einstein coefficient

light velocity

diameter of the discharge tube

diffusion coefficient / percentage degree oédsation
energy loss of the excited system

electric field amplitude

rotational energy of the lower or upper level
frequency ¢ angular frequency)

gas flow rate (volume/time interval)

statistical weight of the lower or upper level
surface de-excitation probability

Planck constartt= 6.6261 x 18’ cnt g s*
Planck's constant reduced &y, 7= 1.0546 x 16’ cnf g s*
current

intensity of incident beam without absorption
absorbed intensityass= lo - lirans

detector offset

transmitted intensity

emission coefficient

Boltzmann constarike 1.3806503 x 16° JK™
absorption coefficient

calibration factor accounting for the line dision
thickness of absorbing layer (medium)
characteristic diffusion length

mass number
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M

U
N, Nmolecule
N; (nk)

No

v

Vo

Vb

Vik

Vingtr.

W

Vm

Vobs VFit

Vo

Na

Y
P

QI‘ ot

-

A

a(v)

T! Tg, Te, TV

Unv

Vin

gram molecular weight in g mbl

dipole moment

molecular concentration in moleculestm
population of the lower or upper level
number of molecules per érat STP (2.69 x I molecules cr)
vibrational quantum number
wavenumber of the line center
inhomogeneous (Doppler) line width
frequency of the observed transition
spectral line width (instrumental profile)
Lorentz line width

modulation frequency

width of the observed line profile

line width due to the pressure broadening
Avogadro constaritix= 6.02214129 x 18 mor*
pressure

injected power

rotational partition function

tube radius

conversion efficiencies

fragmentation efficiencies

line strength

absorption cross section

saturation parameter

temperature gas, electron, vibrational
pulse duration / relaxation time

time constant of the energy loss

voltage

average thermal velocity of the molecules
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