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Abstract

The present thesis was conducted under the Erasmus+ framework for education, in
collaboration between the School of Chemical Engineering of the National Technical
University of Athens and the Ecole Nationale Supérieure des Ingénieurs en Arts Chimiques et

Technologiques of Institut National Polytechnique de Toulouse.

The deposition of silica-based materials is widely used in numerous industrial sectors,
including microelectronics and pharmaceutics. Depending on their target-application, these
materials need to fulfill specific requirements in terms of mechanical properties, durability, and
composition. More specifically, the implementation of innovative silicon oxynitrides (SiOxNy)
coatings in pharmaceutical applications dictates good aqueous barrier and anti-diffusion
properties, as well as effective corrosion resistance. In the present work, a study of the structure

and composition of the produced thin films was conducted.

First, by using spectrometric ellipsometry, the thickness and composition of the samples
was measured. The ellipsometry results were obtained using a two-phase Bruggeman effective
medium approximation model (BEMA model), considering the oxynitride films to consist of
silica (SiO2) and silicon nitride (SisN4) building blocks. Towards the end of this work, a 3-phase

BEMA model was also used, in order to incorporate carbon in the compositional results.

Then, to acquire in-depth information regarding the chemical species present in the thin
films, Fourier-Transform infrared spectroscopy was utilised. Several chemical species were
detected and, depending on the deposition conditions and sample position in the reactor,
different species and spectral characteristics were observed. The position and intensity of the
Si-O-Si TO3 stretching mode and the Si-N was thoroughly analysed as a function of oxygen

flow and temperature parameters.

Using both ellipsometry and FTIR analyses, the evolution of the films structure and
composition was tracked along the length of the reactor. Samples of the same experiment were
compared in order to understand the effect of sample position in the film’s final structure. Then,
samples from different experiments were compared so that the effect of the applied deposition

conditions could be studied.

By using the available compositional results acquired through three distinct lon beam
analysis (IBA) methods, namely Rutherford Backscattering Spectroscopy (RBS), Elastic Recoil
Detection Analysis (ERDA) and Nuclear Reaction Analysis (NRA), the several trends observed
in the FTIR and ellipsometry studies could be verified. Additionally, new trends regarding other



elements of the film, like carbon and hydrogen could be observed in more detail. Via the use of
the results obtained by IBA, the 3-phase BEMA ellipsometry model mentioned above was

calibrated.

Finally, a chemical etching test was performed on the films using a buffer oxide etch
(BOE) solution through which the performance of the films against corrosion were assessed.

This performance was then correlated with the nitrogen content in the film.

Key words: Chemical vapor deposition (CVD), Silicon oxynitrides, Solid state analysis,
Ellipsometry, FTIR, IBA methods, BOE test



Extevnc mepiAnyn (extensive summary — in Greek)

H mapodoa duthopatikn epyacio ekmovinOnke evtdg tov mhauciov ERASMUSH, oe
ocvvepyosio PeTacy TG ZyoAng Xnukov Mnyoavikeov tov Efvikod MetooPiov TToAvteyveiov
ko g Ecole Nationale Supérieure des Ingénieurs en Arts Chimiques et Technologiques tov
Institut National Polytechnique de Toulouse.

H ondBeon vikov Paciouévov otnv mopttio ypnoylonoleitor vpdtato Kol o€
noAvapldpovg Topelg T Propnyoviog, OT®G GTOVS TOUEIS TOV UIKPONAEKTPOVIKAOV KO TNG
(QOPUOKOTOLNG. AVTA TO. VAIKE OPEIAOVY VAL EKTANPDOVOVYV GUYKEKPUEVEG OMALTNOELS OGOV
POPE TIG UNYOVIKEG TOVG OIOTNTES, TNV AVTOYT TOLS Kal TV 6VoTacT] TovG. [Tio cuykekpuéva,
N xPNoN KAvoTOU®V EMOTPOGEDV 0&uviTpdimv tov mupttiov (SiOxNy) o gpapuoyés g
(QOPUOKEVTIKNG 00Nyel 68 KaAEG 1010TNTEG VAOTIKOD PPAYHOTOC, KOOMG Kol KAAEG 1010TNTESG
evavtia oty didyvon. [Ié€pa amd avtd, ol EMOTPMGELS AVTEG ival TOAD OTOSOTIKEG EVAVTLOL
oV OdPpwon. Xe ovt TV UEAETN, €EETACTNKAY 1 dOUY| KOl 1] GVGTACN AEMTAOV VUEVIOV

o&uviTp1diov Tov TLPLTIOL, LE GKOTO TV GLGYETICT TOVGS LLE TIS WOIOTNTEG TTOL TPOKVTTOLV.

H mopaymyn tov vpeviov Elafe xdpa evtodg evog cwAinvoeldong avtidpactipa. ['a v
TAPOYWYN TOVG, YPNOWOTOMONKE £va YNUIKO GUGTNUN OTOTEAOVUEVO amO o TPOSPOUN
petoAlopyavikny €vmon, v tpdebvictiviapivny (tridimethylsilylamine — TDMSA),
o&vyovo (02) kar appmvio (NH3). H diepyacio Aaupave ydpa o wieon 730 Torr — pia micon
EAOPPDOG VTTOATUOCPUPTKY], Yiat Adyovg acpareiog. H Bepuoxpacio dev rav otabepn oe 6A0
10 pnkog tov aviwpactpa. Ilapdia avtd, pia 1cobeppokpaciokn Ldvn Umopovoe va.
napotnpn et og amdctaot petad 360 kot S00 Mm omd v 16050 TOL AVTIOPAGTHPO. LVVETMG
vy Tig dvo Bepuokpacies g 1oobeppokpactokng {ovng (625 and 650°C), ot omoieg

Bempovvror wg o1 Oeppokpaciec amdBeong ANeOnKav Ta Oeprokpaciakd Tpoeia.

E&etdomkav vuévia mpoegpyopeva oand 10 dSagopetikd mepdapata. To dipopa
mepapata, odpkelag 2.5-5 opav, EAafov yOpo YPNCLOTOIMVTOS OLPOPETIKES OVAAOYiEG
AVTOPAOVIOV GTNV aépla pAacm, Kabhg kat dlapopetikég Oeprokpaciec andbeonc. H mowidia
TEPAUATIKOV TOPAUETPOV TOL ¥PNCLOTOMONKaY, 0dNyNce OTWS OVOUEVOTAV GE LUEVIN

SLPOPETIKNG GVGTAOTG KOt dOUNG, KATL TOV TPOKAAEL SLUPOPETIKES 1O1OTNTEG.

Ot pébodot avaivong mov ypnooTomonKay oTo TAAIcIO VTG TNG EPYAciog NToV
TpelG, He TV KAOBe pio voo TPOSOEPEL KATL SLOPOPETIKO GTNV GLUVOAIKT LEAETN TNG OTEPENG
QAONG. ZVYKEKPIUEVE, YPNOILOTOmONKe N HEBOSOG TNG PAGLOTOGKOMIKNG EAAELYOLETPIOG

(Spectroscopic Ellipsometry) ywo. v diepedvnon tov TAYovg Kot TG oLOTACNG TV
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napayféviov vueviov. ‘Eneta, £ytve yprion g nebddov ¢ pacpatookoniog vrephopov pe
uetaoynuotiopo Fourier (Fourier Transform Infrared Spectroscopy — FTIR), péom tng onoiog
epevvnOnkay o€ PABOC 01 S1APOPES YOPAKTNPIOTIKEG OUAdES Ol omoieg Ppiokovtal EvIOg TV
vueviov. EmmpocOétwg, £ywve ypnon tov dtobéciumy arotelecudtov and tpeic pebdoovg g
owkoyévelag tov pebddov avdivong déoung wvtwv (lon Beam Analysis - IBA methods), yia
v emPefainon Tov Saeopwv TAcEMV TOV TaPATNPNONKAV LEGH TNG EALELWOUETPIOG KO TG
(QOOUOTOOKOTIOG VITEPVOpOL pe petacynuatiopnd Fourier. Xvykekpiuévo, £ywve xpnorn tov
uebodwv: o) g Qacuatookomiog avadpaocne oacmopds kotd Rutherford (Rutherford
Backscattering Spectroscopy — RBS), B) t¢ avdAvong aviyvevong eAAGTIKAG avAKPOVONG
(Elastic Recoil Detection Analysis — ERDA) kat y) g avdAvong mupnvikdv oviidpaoemy
(Nuclear Reaction Analysis). Té\og, yio TNV EKTIUNGT TNE ATOS0GNG TOV VUEVIMV EVAVTIO, GTNV
ddPpwon, éywve ypnon pioag pebddov vYPHG yNKNAS xdpaéng, ypnoporoldvrag va (6:1)
Buffer Oxide Etch didAvpa (6 pépn NHaF (40%) xau 1 uépog HF (49%), Sigma Aldrich). Xty
OULVEYELD EYIVE ATOTELPOL GVGYETIONG OAPOP®V TOPAUETP®V UE TNV OTOS0CT TWV VUEVIOV GTNV

doKipacio Tov avaeépnke Tapamdve.

Me v pébodo g elhenyopetpiog avarvdnikay 6ia ta delypata and Kabe meipopa, pe
™mv xpnon pag cvokevng Semilab-SE2000, n onoia Aettovpyoloe 6 UK KOLOTOG EVTOC TOL
€0povg 300-1000 nm, dote va peketn el n e£EMEN TV LUEVIOV KATO KOS TOV OVTIOPOGTHPO.
Kd&Be vpévio avorlvdnke oe 5 drapopetikd onueio, dote va eeTactel 1 «yopTtoypagion Tov
kd0e vueviov. [a v Ay amotelecpdT®V TAYOLG Kol GLGTACTG, YPNCLOTOWONKE APy LKA
éva katd Bruggeman effective medium approximation povtélo, yio 1o omoio £yive 1 mopadoyn
Ot T0L VEEVIO. amoTeAoVVTAL amd 2 EEx®PLOTEC PAGELC: po @don kabaprg mupttiag (SiO2) kat
wo edon kabapov vitpidiov tov wupttiov (SisNa). Me avtdv tov Tpdmo, umopodv va Anedodv
OTOTEAEGLOTO OGOV OPOPA TNV TEPLEKTIKOTNTA TOV VUEVIOV G€ Al®TO, KATL TOV QOIVETOL VL.
amotelel €va ONUOVTIKO KPUTNPO Yo TIC TEMKEG O0TNTEC TOV VUEVI®MV. TNV GULVEXEW
MeOnKe 0 PEGOG OPOG TAYOLG KL CVGTACTG TOV S5 LETPNGEMY TOL KAOE vuEViov, pe 6TdYo TNV
Mym o Kot Hovo aVTITPOCMTEVTIKNG TWNG Yo To kdbe vpévio. 'Emerta, eéetdomke 1
eMIOPAOT 0) TOV SOPOPETIKMV POADV Kot avTidpactnpimv kot B) tng Beppokpaciog 6to mhyog

KOl TNV GVOTOGT TOV TAPAYOUEVOV VUEVIDV.

Mo petafint) mapoyn o&vydvov, pe otabepn moapoyn appoviag kot TDMSA ko
Bepuokpacio andBeong 650°C mapatnpndnkay ta e&ng:
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H oandBeom Eexvdel o amdotaon 17 ekatootdv and TV €16000 TOV AVTIOPAGTHPA,

Kt Tov avticToryel oe Bepprokpacio 530°C ya To delypa.

o  MeyaAvtepeg TapoyES 0EVYOVOL TPOKAAOHY AOENGT) GTOV GUVOALKS pLOUO amdBeong.

e O péyrortog puOudc amdeong mapatnpeitor TANcGIEcTEPA TNV £000 TOL OVTIOPACTNPA
vy avénuévn moapoyn o&uyovov, eved Oev TopoTPETOL PEYIOTO Y10 TO TEIPALN TOV
de&nydn amovsio o&uydvov.

¢ Hevooudtwon aldtov ota vuévia EEKIVAEL 0€ AmOoTOoT 22 EKATOGTAOV 0t TV 16050
TOV QVTIOPAGTHPO, ATOGTACT] TOV AvVTIGTOLKEL o€ Beppokpacio 610°C

¢ H mepektikdmra tov vueviov oe dlmto eaptdton and v mapoyn o&uydvov cTov
AVTIOPOCTNPO. ZVYKEKPIULEVA, ovENUEVT Tapoy] o&uydvov mpokaAel peiwon otnv
TEPLEKTIKOTNTA AlMTOV GTO TEAMKA QAL

e To péyoto g meplektkoOToS o€ Glwto Yy 10 K0Be meipapa eppaviletor 6To

tehevtaio detypo Tov avidpactpa (awtd mov PpiokeTon TO KOVTa 6Ty £6000)

Ta 010 amoteAéopata Aapfdavovtor yio mepapota pe petafint) mopoyn ofvydvov kot
anovcio appoviag. [Hopatnpeitar evoopdtoon aldtov mopd v EAAEWYN OUU®VIOG GTNV
aépla Ao, KATL ToL VTOINAMVEL O0TL 1} Baciky TNyN AldTOL Y10 TO VUEVIO EIVOL TO HOPLO TNG

npodpoung Evaone, TDMSA.

v ocvvéyewn eetdotnke N emidpacn ¢ mapoyns appmviag, yio otabepn mapoyn

podpdov, o&uydvou kar Beppokpacio ardbeong 650°C. ‘Eywvav ot €€ng mapatnpioeic:

o Avénom g mopoyns appmviag mpokaiel mTmorn Tov yevikod pvBuov amndbeong. To
péyoto tov pubuov amdbeong moapatnpeitor ce mopduoln Tomobecion Evtog TOL
avVTOPOCTNPA Yoo OAEC TIG TapoyEs aupmviog mov eAéyyOnkav. [Moapdio avtd, n
avénuévn mapoyn aldTOV HELOVEL TNV EVOOUAT®OON aldTOV GTO VUEVIA.

¢ H svoopdtoon alodtov ota vpévia EeKvael TaAL o andotacn 22 EKATOCTOV amd TNV

€16000 ToL avtidpactipa (610°C).

AvéEnuévn mapoynn TDMSA mpokarel peyohdtepn eveoudtoon aldtov 6To LUEVLA,
eved Oev emmpedlel onuoavtikd tov pvud amdbeong. To péyiotro amdbeong eppaviletor og
tonofecia o Kovivy otnVv £i6060 TOL avTIdpacTHPa Yo aEnuévn mapoyn TDMSA, kdtt mov

amotedel £VOEIEN TNG YPNYOPTS KOTAVAA®OGONG TOL 0ELYOVOL GTNV aEPL PAoM.
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H peimon ¢ Beppokpaciog andbeong otovg 625°C, mpokaiel mTtdon TOL PLOUOY
amoBeonG, KATL TOL NTOV OVOUEVOUEVO, AOY® TOL EVOODEPLOL YOPOKTNPO TNG AVTIOpAoNS

dtdomaong g Tpoddpoung évmong. Eriong, peumvel v evoopdtoon aldTtov ota vuévia.

Me v pébodo tng vmépubpng eacpotockomiog pe petooynuotiopd Fourier,
eetdotnroayv 6 detypota ava meipapa, dote vo e&etaoctel n enidpaocn g 0éong tov delypatog
ota yopaktnplotikd tov. Kdbe delypa eetdomke oe éva povadikd onueio. To onpeio avtd
elxe MO avorvBel péocm g eddenyouetpiag, dote KAmow cvoyEtion vo eival dvvary. Ot
avolvoelg £ywvav péow pag ovokevng Perkin Elmer Frontier mov Aeitovpyodoe 610 péco
vépulpo eaoua (MIR). Ta detypoto avadbOnkav vd yovia 60°, dote vo yivel dvvatn 1M
ekuetdArevon tov Berreman Effect. To AneOévta pdopata yopictkay o€ 00 KOPLES TEPLOYES
gvdlopépovtoc, o) v “hydrated area” peta&n 3600 kar 2700 cm™ oty omoio mapatnpovvToL
01 018pOpPEG DOVIGELS TOL LAPTLPOVV TNV TAPOLGia LOPOYOVOL Kot VOPOEVAI®Y 6To VUEVo. H
devtepn meproyy, B) n “fingerprint region”, peta&d 1300 ko1 650 cm™, Sivel moAD ypHoES
TANPOPOPIES YO0 TNV SOUT TOV VUEVI®MV. L& QTN TNV TEPLOYN, WITOPOLV va Tapatnpndovv
dovnoelg oxetikés pe deapovg Si-N, Si-O, Si-C. Adyw TAn0opag decUdV Kot 6TIg 600 TEPLOYES,
NTav avoykaio 1 amocLVEMEN TOVG, MGTE VO UITOPOLV VA TaPATNPNO0VV EMUEPOVS TEPLOYEC.
O1 kopu@ég TV omoimv N eEEMEN e€etdotnke ftav ot dovioelg éktaong Si-CHas, Si-O-Si kot

Si-N.

[MopatpnOnke Ot N ¥proN pelUEVNS TapoyNg 0EVYOVOL, TPoKaAEl HETATOTION TOV
TOPATOV® KOPLP®OV TPOS YOUNAOTEPOLS KLpATAPOUODS. AVTO sivon €voelEn avénuévng
napovciog aldtov ota vuévwa. Emiong n mapoyn ofuydvov ntav avt mov kabopile tov
YOPOKTIPO TOV DUEVIDV. ZUYKEKPIUEVA, OGO AYOTEPT NTAV 1] GLYKEVTPMOT] TOL 0EVYOVOL GTNV
aépla. AT, TOGO MO £VIOVO YOPOKTIPA VITPLOIOV TOV TTupttiov eiyav Ta ANeOEvTa pacuata.
Mo vymiég ovykevipwoelg ofuydvov omnv aépla AcT, To PAcUATO €OV YOPOKTNPO
KOVTIVOTEPO GE QTOV TG TLPLTIAG. AVTO TO PAVOUEVO NTOV O1AHTEPA EVTOVO Y10 TO TEPAUATO

O6mov ypnoyoroOnKay ToAd yapnAég mapoyés oEuydvov.

Ta @dopata emiong, £€0e1&av TOAD YOAUNAN amoppOPNCN OTIC SAPOPES KOPLPEG TOL
avTioToy oV og decpovg Si-H. Tuvenmg, pumopet va yivel | mopadoyn 6Tl n TAEOYNPio Tov
V3POoYOVOL OV PpickeTal Eviog TV vueviov Bpicketar otovg deopovg Si-OH, N-H, H-OH,

=CH2 ko -CHx.

Emiong, n ypnon g avédivong FTIR oto meipapa oto omoio €yve ypnon povo g
TPOSPOUNG EVOGNG T} ¥PTOT) TG TPOSPOUNG EVMOGNG LE TOAD pikp1| wapoyn o&vydvov (0.3 sccm)



v TV olepyacio amdOeomG, TOVIGE TNV OVAYKT] Y10 TNV LIOBETNOT EVOC VEOL EAAELYOUETPLKOV

HOVTEAOV, TO 0Toio Ba Tpooeyyilel Kot TNV TEPLEKTIKOTNTA TOV QAL GE GvOpaKaL.

Téloc, a&ilet va avapepOel OTL | TOAVTAOKOTNTA TNG TPOIPOUNG EVAOONC EIVOIL ELPOVIG
oto mopayopeva vuévia. Ta vpévio gpeaviCouv TANBmpa yMUKOV JECUDY, KOl OPKETEG
YOPOKTNPIOTIKEG Opddeg oV TePEyovy GvOpaka. H avénuévn vmapén opddwv dvBpaka kot

e1dkd -CHa, divel v evtvmwon 61t ta vpévia givar g popeng SiOxNy:CHa.

Xpnowonowwvrag to dtabéotpa amoteAéopata and g pebddovg avdivong dEoung
WOVTOV Yo o T10600Td Tupttiov (uécw RBS), o&uyovov, aldtov, avbpaxa (uéom NRA) kat
vopoyovoy (néow ERDA) eviog tov vueviov fitav dvvatn n enifefoioon Tov Tdoewv Tov
avaeépnkay mopandve. Extdc avto, éyve duvartn n fabpovounon evog de0tepov LovTELOL
ywo. v elMenpopetpia. TIpdkertar yio éva katd Bruggeman effective medium approximation
model, to omoio duwc vworoyilel 3 pdoeic. Mia don mupttiog (SiO2), pa edon vitpidiov Tov
noprriov (SisNg) ko pa edomn mov Bewpeitor mg edaon dpopeov avBpaka. To poviého owtd
£0mGE IKOVOTOMNTIKA amoteAéopata dtav eAEYyONKe Yo Kamowo dAAa detypota. [Tapdra avtd
npénel va, eheyyOel o peyaAdTEPN YKAUA SELYHATOV, Y10 TOL OO0 LITAPYOLY SlabEaLa akpPn

dedopéva cvLeTAONG.

Ta dwbéoa anotedéopota and T pnebodovg IBA, emPefaiocav 6tt 1 avénpévn
wapoyn o&vyodvov odmnyet og vuévia PTyd o AlwTto Ko dvlpaka Avtd pmopel vo opeileton
070 0Tl T0 ALMTO Kol 0 AVOPOKAG EVOOUATMOVOVTAL GTO DUEVIO HEGH TOV 1010V EVOLAUEC®V.
Mmnopet eniong va onpaiver 0Tt  avEnuévn tapoyn o&vydvou peidvel g opdoeg pebviiov
nov Bpickovtal 6Ta EVOLAUESH GTNV AEPLL PAGCT), 00T YDVTOGS £TCL GE VUEVIA OTMYA GE AvOpaKa.
Eniong emPefaioocav 0t1 o younAiég Oepprokpacies epumodilovv v eveoudtmon aldTov 6T
vuévia. EmPefoiwbnke emiong, 01t n avénuévn mapoyn appoviog epmodilel v evemudtmon
almtov ota vuévia. [Tapodia avtd 1 xpnom avénuévng mapoyng appmviag odnyel oe eEapetikd
YOUNAG TOGOGTA GvBpako EVTOG TOV VUEVI®MV, KATL TOL THOVOTATO OPEILETAL GTNV J1AGTOCT
TV opddwv pebviiov and ta vuévia Adym g appmvioc. Télog, ot pébodotl IBA katédei&av
ONUOVTIKA TOGOGTA VOPOYOVOL €VTOG TV VHEVIOV, KATL, TOV GE GLVOLOCHO UE TO
amoteréopato tov FTIR, vrodsikviet peyddn cvykévipmon edov N-H, Si-OH and CHx evtog

TOV VUEVIOV.

Méowm g nebddov ynuikng xapaéng pe v ypron daivuartog (6:1) BOE, npokvmtovy
CUUTEPACLLATO Y10 TIV CULUTEPLPOPH TMOV VUEVIOV €VAVTIOL GTNV SAPp®oT. ZvyKeKpyéva,

napotnpiOnke OTL T0 ATOUIKO TOcOGTO aldTOL TV LUEVIOV €lval O O ONUAVTIKOG



TOPAYOVTOG TOL EXNPEALEL TNV avTioTAOT] 0TN OPPp®OoT). ZVYKEKPIUEVA, DUEVIOL LE TAV® OO
8% atopikn cvotaoT o€ AlwTo EUPAVICAY EENPETIKN ATOJ00T, aveApTNTA OO TIC GLVONKES
KAt amd Tic omoieg mopdyOnkav. Ta deiypota avtd epepdvicay puOud dtaPpwong youniotepo
and 1 Als. Aev gviomiotnke kdmolo cvoyétion petaéd g 0éong g kopveng Si-N pe tov
puOud ddPpmonc, mapodAa aVTA EVIOTIGTNKE cLoyETIoN HeTa&d Thg 0éong g Kopveng Si-O
pe tov pubud daPpwong. Zvykekpuéva, o pubudg daPpwong peuwvetoar 6co 1 Béon g
kopveng Si-O petatomiletar Tpog yopumAdTEPOLS KLppaTaptOpods. Avtd delyvel 6Tt 1 advénon
TOV EVEOUOTOUEVOL alOTOV HETATOTILEL TNV KOPLPT TPOG YAUNAOTEPOVS KLLUUATOPIOLOVS Kot

TAVTOYPOVA PEATIDVEL TNV AVTIGTOCT TNV OEPpmon petmvovtog tov puiuod stapfpwonc.

H perém tov mapayopevov vueviov, n oroio NTov 0 6KOTOG TG Topovcas pyoaciog,
Ntav peydAng onpaciog yio moAAoVG TOUELG TOV £pELYNTIKOV Tpoypdupatos. Bonoe 1660
oV AYN omoQAcE®mV Yo TNV EMAOYN VEOV TEWPAUATIKOV Topapétpov. Ommg
TPOOVOPEPONKE M HEAETN TV VUEVIOV OV TTOPAYONKAV HOVO HE TNV ¥PNOT TS TPOSPOUNG
Evoong odNyNce otnv vVI0BETMEON evOg YMUKOD GLUGTHLOTOS YWOPIG appmvia ota VTOAoUTa
nepdpata. Metd ond avtd to meipapo, o pvOUOS amdbeong kol 1 embounty eveoudTmon
almtov ota vuévia Kaboprlotay petafdirovias pdvo Tov Adyo TG mapoyng Tov o&uydvou mpog
™V Tapoyn g Tpoddpoung Eveoong. Avtdg o AOYog eaivetal vo Exel TV LEYaADTEPT EMIOpOON
oT1g TEMKEG 1310TNTES TV LUEVIDV. Emtionc, n mAnbmpa dedopévmv mayovs Kot cOGTACTG TOV
e&nyaye avt n perétn, Pondnoe onuavikd oty €£EMEN TOL YNUKOD HOVIEAOL KOl GTHV

Tpocopoimon g depyaciog.
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1. Introduction

The work of this thesis was performed in the premises of the CIRIMAT laboratory,
found inside the ENSIACET building located at 4 Allée Emile Monso, 31030 Toulouse, France.
This work was part of the HEALTHYGLASS project, financially supported by the Agence
nationale de la recherché (ANR).

HEALTHYGLASS will determine innovative, thermally activated metalorganic
chemical vapor deposition (MOCVD) processes of amorphous silicon oxide (SiO2) oxynitrides
(SiOxNy) and oxycarbides (SiOxCy) deposited on complex 3D-substrates, and will define their
appropriate composition and structural characteristics in order to obtain efficient and
sustainable barrier properties. The targeted function of these coatings is to limit the interaction
between the substrate and the potential aquatic solution it will come in contact with, , and thus

allow to new advanced applications in microelectronics, pharmaceutics, and other sectors.

There is limited information in the literature on the deposition of SiO2, SiOxNy and
SiOxCy films with respect to the specifications defined by the project, namely atmospheric
pressure and moderate deposition temperature (<570 °C), leading to dense and chemically inert
films deposited on confined surfaces at high growth rate. The project team has recently tuned a
thermal CVD deposition process of SiO> at the internal surface of vials from mixtures of
tetraethyl orthosilicate (TEOS) and oxygen. However, these films presented corrosion
resistance insufficient in challenging the state of the art. In the frame of this project SiOxNy and
SiOxCy will be processed from organosilicon precursors, such as TEOS and reactive compounds
which will activate radical mechanisms to enrich the films with nitrogen and carbon. CVD of
SiO2 will be first investigated as starting point prior focusing on SiOxNy and SiOxCy which
present remarkable barrier properties due to the densification of the network obtained from the
partial replacement of O anions by highly coordinated N and C ones.

State of the art protocols for the physico-chemical, structural and mechanical
characterization, including microscopy, ellipsometry, nuclear and vibrational spectroscopies,
atom probe tomography and nanomechanics tests, will provide information on these complex
systems, including details on their surface and their interface with the glass substrate. The
quantification of the connectivity of the silicate network, the structural disorder, the distortion
of the Si environment, and the distribution of the oxynitrides and oxycarbide species will be
monitored by solid state 2°Si and 3C NMR, combined with XPS and p-FTIR. High resolution



'H NMR and the very recent and challenging Dynamic Nuclear Polarization will reveal the

hydrated species which are present on or by the surface.

The hydrolytic resistance and the durability of the coatings will be evaluated by primary
etching tests, utilizing hydrofluoric solutions widely used in the literature. The most resistant
samples will then be identified, and application-oriented 3D substrates will be coated and then
tested in more severe conditions, e.g. ageing over a period of several weeks in basic and acid
pH solutions. The releasing and corrosion mechanisms will be investigated and correlations

among process conditions, structure and barrier properties will be established.

HEALTHYGLASS will establish process/structure/properties/performance correlations
which will lead to outstanding progress at fundamental level and will pave the way towards the
application of these multifunctional and durable materials in many sectors concerned by the
functionalization of complex surfaces such as micro- and nano-electronics, plastics, medical

devices and implants, or gas sensors.

The purpose of this thesis was to provide results regarding the composition and structure
of the produced silicon oxynitride films. This results in turn were able to:

a) contribute to the establishment of the process-structure-properties-performance
correlation in the frame of the HEALTHYGLASS ANR project

b) help decide the conditions of subsequent thin oxynitride film production experiments

c) to provide satisfactory input data for the development of the chemical model and the

process simulation.

My work in the project involved the compositional and structural analysis of the thin
films produced using a trisdimethylsilylamine (TDMSA) — oxygen (O2) — ammonia (NHz3)
chemical system. The main methods used were Ellipsometric Spectroscopy, and Fourier
Transformation Infrared Spectroscopy (FTIR). The family of lon Beam Analysis (IBA)
methods (RBS, NRA and ERDA) were considered and some of their results will be presented
in this work. However, it should be noted that these analyses were either performed by other

members of the consortium or outsourced to external partners.

This present thesis will elaborate on the methods used for the solid phase analysis. The
theoretical part will provide information regarding the techniques used, while the experimental
part will explore the methods and the metrology followed for the probing of the samples. In the

Results and Discussion sections the findings of the above characterizations will be presented



and discussed, respectively. Finally, in the Conclusions and Suggestions section the
overarching outcomes of this thesis will be synopsized, and suggestions will be made as
proposals for future research relating to the HEALTHYGLASS project.



2. Theoretical Part
2.1 Ellipsometry
2.1.1 Basic principle

Ellipsometry is a non-destructive method that enables the measurement of the produced
films’ thickness and optical properties. This spectral acquisition is made possible because of
the following phenomenon: When a light beam of a known wavelength and a known
polarization state is incident to the surface of an isotropic sample, then the incident light obtains
a different state of polarization, an elliptical one. The properties of the new elliptical state of
polarization depend on the properties of the film, as well as on the properties of the light [1]. In
order to make the measurements and the analysis more convenient, the ratio p of the Fresnel p-
and s- polarized light amplitude reflection coefficients (rp and rs) has to be introduced [2], where

the s-component is perpendicular and the p-component is parallel to the incidence plane:
T
p=- €

Both r, and rs are complex numbers, which means that the ratio is also a complex number. This
number is in turn expressed in terms of ¥ and A, where W is the amplitude component, and A

is the phase difference. This leads to the fundamental ellipsometry equation [1]:
p = tan(¥) = exp (i4) (2)

The amplitude of the ratio of the polarized light reflection coefficients is expressed by tan(\¥')
while the phase shift between p- and s- light is given by A [1]. ¥ and A are the raw values

directly measured by ellipsometry.

Spectroscopic Ellipsometry is vastly used for the scope of this work. Measurements are
taken for a range of several light wavelengths, enabling an increase to the efficiency of the
method, since they help obtain additional information regarding the sample. One can extract

several optical properties of the studied material for a wide range of wavelengths [2].

2.1.2 Ellipsometry models and equations

To correlate the raw values that were obtained by ellipsometry with the thickness and
optical properties of the films, the introduction of a model is needed. The data are then fitted to
the model, providing results regarding the macroscopic properties of the film (thickness,

refractive index, composition, etc.).
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Figure 1: A simple roadmap of the ellipsometry analysis.

RESULTS!

For the scope of this work, two different Bruggeman Effective Medium Approximation
Models (BEMA) were used. Effective Medium Approximation (EMA) models are able to
provide information regarding not only the thickness, the refractive index n and the dielectric
constant k of films, but also information regarding the volumetric fractions f; of the composite

materials that are considered to make up the processed films.

Due to the presence of carbon in the films, two different BEMA models were used:
1. Asimple 2 phase model, which took a SiO and a SisN4 phase into account and can give
a close and fast approximation of the nitrogen content of the film
2. A more complex 3-phase model, which took a SiO2, a SizN4and an amorphous carbon
phase into account. This model gives a better carbon content approximation and with
the correct assumptions made (based on available IBA results) regarding the carbon
phase can also provide a good nitrogen content approximation.
Based on the volumetric fractions obtained for each phase of the film, the molecular fractions
of the film can be calculated, based on assumptions made for the properties of each phase. For
the 2-phase model the assumptions made were the following:
Table 1: Assumptions made for the 2-phase BEMA model

Phase Density (g/cm3) MR (g/mol)

SiO; 2.65 60.08

SizNg 3.17 140.283
Carbon - 12

Then by taking the respective volumetric fraction f; and f> of each phase, if we consider
vi and v as the actual volume of each phase, Mry and Mr the molecular weights and d; and d>
the density of each phase, we can calculate the respective molar fractions x; and x2 by using the

following equations:
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Taking (3), (4) and (5) into account:

(rr g )
= T T 6
f (e g+ (1—x1) g 2) ©)
Solving (6) for x; :
_ f1*Mry*d,

xl o MTl*dZ—fl*MT]_*d2+f1*MT'2*d1 (7)

This way, the molar fraction of SisNa4in the film can be calculated, and thus the nitrogen content
of the film.

For the 3-phase model, a similar approach was used. The model was simplified by
considering two phases: (a) an oxynitride phase (consisting of SiO2 and SisN4) and (b) a carbon
phase. This way, the equations (3), (4), (5), (6) and (7) can be used. However, an average density
and an average molecular weight for the oxynitride phase must be calculated. This was done by

using the following equations:

davg = fsio, * dsio, T fsizn, * dsign, (8)

__ [5i0,*45i0,*M75i0,+ fSisN,*ASisN, *MTsisN, 9

Mravg - ( )
davg

Then the molecular fraction of the Silicon Oxynitride phase could be calculated:

fsiown, = fsio, + fsisn, (10)
fsioxny
davg* Mrqy
. — g
XSleNy fSiOxN fearbon (11)

avg* . T dcarbon*
9 Mrapg MTcarbon

Where Mrcamon = 12 g/mol. The density of the carbon phase is fitted to the IBA results, in order
to obtain at.% values for carbon and nitrogen that correspond to the respective ones measured

by IBA, validating as such the ellipsometric 3-phase model.



2.2 Infrared Spectroscopy
2.2.1 Introduction

The infrared (IR) area of the electromagnetic spectrum contains radiation of
wavenumbers between 12800 and 10 cm™. This large range of radiation, is generally divided
into three distinct ranges, based on the different uses of each range. The three distinct ranges of

the infrared spectrum are the following [3]:

e The near infrared (NIR), with wavenumbers between 12800 and 4000 cm™.
e The middle infrared (MIR), with wavenumbers between 4000 and 200 cm™.

e The far infrared (FIR), with wavenumbers between 200 and 10 cm™™.

The most valuable applications of the NIR spectral region have been in the quantitative
analysis of agricultural and industrial products. The results of the quantitative analysis are used
for process control and optimization [3]. In the past, the MIR spectral region was used for the
qualitative and structural analysis of organic molecules, based in the absorption spectra.
However, with the introduction of Fourier Transformation Infrared Spectroscopy (FTIR), the
MIR spectral region has found many more uses, including the quantitative analysis of complex
compounds and the analysis of the surface and bulk of solids [3]. The FIR spectral region, while
potentially quite useful, has only been made accessible by the introduction of FTIR

spectrometers [3].

In IR spectroscopy, a linear wavenumber scale is preferred over the use of wavelength.
This is because wavenumbers are proportional to frequency and energy. The frequency of the
radiation that is absorbed in IR spectroscopy, is that of the molecular vibration that takes place.

The following equation shows the correlation between wavelength 1 and wavenumber v:

cm

A(nm)

v(em™) = (12)

IR radiation is not potent enough to cause electronic transitions to the molecules, in
contrast with X-ray radiation for example. For this reason, it is associated with several
molecular species whose different vibrational and rotational states can all be found inside a
small energy range. For a molecule to absorb in the IR range, its dipole moment must be altered,
because of its vibrational or rotational movement. Only then can differences in the amplitude
of a certain movement of the molecule be observed, due to the interaction with the electric
component of the IR radiation. When the frequency of the radiation matches a natural

vibrational frequency of the molecule, then the molecule absorbs the radiation and undergoes a



change in the amplitude of its movement [3]. However, that means that the absorption of IR
radiation by molecules like Oz, N2 and Cl> is not possible. For these homonuclear atoms, the
dipole moment stays constant during vibrational or rotational movements, prohibiting the

absorption of IR radiation.

2.2.2 Types of molecular vibrations

The position of the atoms of a molecule is not fixed. Instead, the relative position of the
atoms is always changing through different vibrational or rotational movements. The tracking
of the several movements and their correlation with the energies of absorption is easier for
molecules with a small number of atoms, however it becomes increasingly difficult as the
number of atoms in a molecule increases. The larger the molecule, the more the possible

vibrations and interactions between atoms, which have to be taken into account [3].

There are two main types of vibrations observed in molecules: Stretching vibrations and
bending vibrations. When the distance between two atoms along the axis of their bond is
continuously fluctuating, then the vibration is defined as a stretching vibration. There are two
types of stretching vibrations: a) the asymmetrical and b) the symmetrical stretching mode.
Bending vibrations are characterized by change in the bond angle between two atoms. There
are four types of bending vibrations: a) the wagging vibration, b) the rocking vibration, c) the
scissoring vibration and d) the twisting vibration. The difference between these types of bending

vibration is the plane where the bending occurs. This is visualized in the figure below:

Symmetrical Stretching Asymmetrical Stretching

® ® @ @®
X
Wagging Rocking
@ ® @® ®
Scissoring Twisting

Figure 2: Summary of the different types of molecular vibrations. The
x symbol indicates movement away from the reader. The dot symbol
indicates movement towards the reader.



For molecules containing more than 2 atoms, the presence of the whole range of vibrations
discussed above is possible. This can cause various interactions between the atoms or also a
coupling of the vibrations [3]. Sometimes, several vibrations may have similar vibration
energies. When analysing the results, this can lead to fewer visible peaks, than those that are
expected, due to an overlap of several peaks. This calls for a deconvolution of the resulting

bands, so that more precise results can be obtained.

2.2.3 Prediction of the number of vibrations

As mentioned before, when the number of atoms present in the atoms is small, it is easy
to predict the number of possible vibrations that can be observed. However, when the number
of atoms inside the molecule increases, this prediction is not as simple. Several atoms and
different types of bonds might be present inside the molecule, resulting in complex IR spectra.
Even then, however, the number of possible vibrations is not that hard to calculate. To locate a
point in space, 3 coordinates are required. In order to fix N atoms in place, 3N points are needed.
When defining the several movements of a molecule, 3 types of movements have to be taken

into account [3]:

1. The translational movement of the molecule’s center of gravity.
2. The rotational movement of the molecule around its center of gravity.

3. The different vibrations of each atom present in the molecule.

Since all atoms follow the same translational movement, defining this movement requires 3
degrees of freedom. The same is true for the rotational movement, requiring another 3 degrees
of freedom. If we consider that the 3N points mentioned above are the total degrees of freedom
of the molecule, the possible vibrations for the molecule, are 3N-6. However, in the case of a
linear molecule, the rotation around the bond axis is not possible, making the number of
possible vibrations 3N-5. So, for all types of molecules that contain N atoms (except linear
molecules), the possible number of vibrations for the molecule are 3N-6. For linear molecules,

the possible number of vibrations is 3N-5. Each of these vibrations is called a normal mode [3].

Although predicting the possible vibrations is easy, detecting the actual vibrations in the actual
IR spectra is a much more difficult task. It is possible that not all the predicted vibration modes

are detected in the IR spectra. This could be due to a plethora of reasons [3]:

1. As mentioned above, it is possible that 2 vibration energies are equal, or almost equal.
2. ltis possible that the molecule symmetry prohibits certain vibrations.

3. The vibration energy is found at wavenumbers outside of the instrument’s range.
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4. The absorption intensity is too low to be detected by typical methods.

These reasons might hinder the identification of certain molecules, especially if the complexity
of the molecule is high. Apart from the above reasons, there are other reasons that influence the
wavenumber of certain vibrations. Some vibrations can influence the energy of others, causing

a so-called vibrational coupling.

2.2.4 Vibrational coupling

It is possible that the wavenumber of an absorption peak, which is indicative of the
vibrational energy, can be affected by another molecular vibration. Several factors can
contribute to this [3]:

1. When an atom is present in two different stretching vibrations, then strong coupling of
these vibrations can be observed.

2. For two bending vibrations to couple, a common bond must exist between the vibrating
groups.

3. One stretching and one bending vibration can only couple when the stretching bond is
part of the angle that changes due to the bending vibration.

4. The interaction is stronger when the coupled vibrations have similar energies.
No coupling can be observed when 2 or more bonds are found between the groups in
question.

6. For two vibrations to couple, the vibrating species must be of the same symmetry.

While such interactions make it difficult to detect and validate the existence of certain species
inside the molecule, they give the spectrum of each molecule a distinct shape. This in turn,
helps with the identification of the molecule [3]. However, when the analyzed molecule is state
of the art, and nothing like it has been analyzed before, these effects might hinder the molecule

identifying process.

2.2.5 Instruments used for IR spectroscopy
Several instruments have been used for applications that require IR absorption. However, three

different types of instruments are mainly utilized for IR absorption [3]:

1. Dispersive spectrophotometers with a grating monochromator.
2. Fourier Transform spectrophotometers with an interferometer
3. Nondispersive photometers using either filters or absorbing gases for the analysis of

atmospheric gases.
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In the past, and until the 1980s, the most popular category of the above was the first one,
however the introduction of Fourier Transform spectrophotometers, has completely dominated
the field of far and mid infrared analysis, due to the speed, reliability and signal-to-noise ratio
advantage that it provides [3]. For the above reasons, FTIR spectroscopy was used for the

analysis of the produced silicon oxynitride thin films.

2.2.6 Fourier Transform Infrared Spectroscopy (FTIR)

While Fourier Transform spectroscopy was first developed by astronomers in the early
1950s in order to isolate the very weak signals that were received from distant stars from the
environmental noise [4], since the 1980s it has been the main type of spectroscopy used for IR

applications.

There are many advantages that give FT instruments the edge over their competitors.
First, FT instruments have few optical components and no slits. That means that the radiation
that reaches the detector is greater than in dispersive instruments. This is called the Jacquinot
advantage and it generally provides better signal-to-noise ratios in FT instruments than
dispersive instruments. However, at longer wavelengths, were the slits in dispersive instruments
can have a very wide width, this effect might be in advance of the dispersive instruments [5].
Second, FT instruments have a greater resolving power and a great reproducibility of
wavelength. These two factors make the analysis of complex spectra possible. Third, the
detector receives all the information found in the radiation at the same time. This makes the
acquisition of spectra tremendously quicker, when compared to dispersive instruments. This
advantage can lead to the increase of the signal-to-noise ratio, as explained in the paragraph
below. Finally, in the case of thin films, FTIR is a non-destructive method of analysis that

enables the identification of several chemical species that are contained in the films.

In this study, the infrared spectra acquired are in the wavenumber range of 400-4000
cm and resolution elements of 8 cm™ were chosen. That means that a total of 450 individual
measurements should be taken. If we had a dispersive instrument and each measurement took
0.25 seconds, then 112,5 seconds would be required for the acquisition of a single spectrum. If
a higher spectral detail was necessary, and resolution elements of 4 cm™ were chosen, then the
number of measurements and time required for the acquisition of a single spectrum would be
doubled. In dispersive instruments, the choice of low-resolution elements would mean the use
of narrower slits, something that would decrease the signal to noise ratio. However, the signal-
to-noise ratio can be improved by increasing the number of spectra acquired and averaging
them. This effect is described by the following equation [4]:
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(), =sorew - 3) ®

Where (S/N), is the signal-to-noise ratio for the average value of n spectra acquisitions, while
(S/N); is the signal-to-noise ratio for a single spectrum acquisition. This means that when using
a dispersive instrument, and if increased signal-to-noise is required, the only way is the
acquisition of a high number of spectra. In order to increase the signal-to-noise ratio by a factor
of 4, 16 spectra would need to be averaged, requiring 1800 seconds or 30 minutes for the
example stated above. In FTIR spectroscopy, this problem is non-existent, since the number of
all measurements for each spectrum are received simultaneously by the detector [4]. If the time
required for the acquisition of a whole spectrum through the use of FTIR is 1 second, that would
mean that 1800 spectral acquisitions could be achieved during the 1800 seconds that would be
required for 16 spectral acquisitions through the use of a dispersive instrument. This would lead
to an increase of the signal-to-noise ratio by a factor of 42. This advantage, which is native to

FT spectroscopy, is also called Fellgett advantage [5].
A basic FTIR spectral acquisition would be as follows:

1. With no sample in place, the background spectrum is acquired. This is saved in the
memory of the computer and will be in turn subtracted from the samples’ spectra, in
order to exclude the interfering molecules of the environmental air (mainly CO2 and)
H20) from the measurement.

2. The spectrum is acquired with the sample in place.

3. The spectra are presented in graphs of absorbance as a function of the wavenumber.

The absorbance (A) of the sample is calculated as follows [6, pp. 1-17]:
A=log () (14)
Where lo the intensity of the background spectrum and I the intensity of the acquired spectrum.

Absorbance A is also related to the concentration of molecules in a sample. This is due to the
so called Beer’s Law [6, pp. 1-17]:

A=c¢lc (15)

Where ¢ the absorptivity of the sample, | the pathlength and ¢ the concentration of a certain

species in the sample.
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Due to Beer’s Law, the height of a certain peak of the absorbance spectra is linearly correlated
to the concentration of the species that the peak corresponds to. By using standards to obtain a
calibration curve, quantitative analysis is possible in FTIR.

2.2.7 Applications of FTIR

This method can be used for both qualitative and quantitative chemical characterization
of all types of samples: solid, gas and liquid. It has been widely used for the characterization of
SiO2 [7]-[9] and SisNa4 [10], [11] thin films, as well as for more complex silicon based films,
such as silicon oxynitride films [12]-[14] and even SIONC films [15], [16]. It is also used for
the determination of several protein structures [17].

To conclude this chapter, the following can be said regarding FTIR and its use for the
aims of this project: As mentioned in chapter 2.2.6, FTIR is a non-destructive method of
analysis that enables the identification of several chemical species that are contained in the
films. Over the years that this method has existed, a vast number of sample spectra have been
acquired and analyzed. This means that a wide variety of information regarding the several
chemical species’ vibrations and their position on an FTIR spectrum are available in the
literature. Therefore, information regarding the species present in state-of-the-art films can be

extracted.

2.3 lon Beam Analysis (IBA) methods

The lon Beam Analysis methods are a group of nuclear methods, which allow the
quantitative analysis of the surface layer of thin films [18]. For this thesis, three distinct IBA
methods were utilized, namely Rutherford Backscattering Spectroscopy (RBS), Nuclear
Reaction Analysis (NRA) and Elastic Recoil Detection Analysis (ERDA).

2.3.1 Rutherford Backscattering Spectroscopy (RBS)

Rutherford Backscattering Spectroscopy is a widely used method for the surface
analysis of thin films. For this thesis, RBS was used for the detection of silicon in the films. Its
basic principle is the following: The target surface is bombarded with ions; whose energy level
is in the MeV (0.5-4 MeV) scale. The energy of the backscattered projectiles is then recorded
by an energy detector. The energy of a backscattered projectile E1 of mass My is given by the

following formula:
E, =k=*E, (16)

where k is the kinematic factor, given by the following equation:
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112
k = M {cos(theta) + [(Z—i)z - sinz(theta)]z} (17)

T (Mg +M;)2

where theta is the scattering angle, and M2 the mass of the target nucleus initially. For M1 < Mg,

only the plus sign in eq. (17) applies. For M1 > M2 eq. (17) has 2 distinct solutions.

Based on the energy recorded, conclusions can be made regarding the composition of
the material, as well as for its depth profile. A depth profile of the order several nm can be
accurately calculated. RBS also provides a good sensitivity (in the order of parts per million)
for the quantification of heavy elements. Its downside is that it does not provide accurate
calculations for the lighter elements. For this reason, the use of the other two complementary
techniques, NRA and ERDA, is necessary [19].

2.3.2 Elastic Recoil Detection Analysis (ERDA)

Elastic Recoil Detection Analysis (ERDA) was used for the detection of hydrogen in
the films. It is by many aspects similar to RBS. However, it succeeds in detecting target atoms
with a mass of M that recoil after their collision with the bombarding atoms in the forward
direction. RBS cannot detect projectiles when My > M; and since alpha rays are mostly used for
these methods, hydrogen cannot be detected. This obstacle is overcome by the ERDA
technique, since the energy transferred to the recoil for a fixed incidence angle is determined
by the mass of the target nucleus M. In this technique, the energy loss of the scattered ion due
to the collision and the final energy of the recoil give information for the final energy of the

particle detected, allowing the calculations of the collision depth [20].

2.3.3 Nuclear Reaction Analysis (NRA)

Nuclear Reaction Analysis (NRA) is a method that is widely used for the quantitative
determination and depth profiling of light elements and isotopes. It was used for the detection
of carbon, oxygen, and nitrogen in the films. In the case of RBS, if a light particle is positioned
on top of a heavier particle, then the spectrum detected for the heavy particle will overlap that
of the lighter particle. This problem is solved by NRA. Its advantage is that it can detect lighter
particles compared to RBS. Apart from that, NRA can also provide information regarding the
isotopes present in the film, since nuclear reactions are isotope specific. Several types of nuclear
reactions can be used for this method, such as particle-particle reactions, particle-y reactions
and particle-neutron reactions [21].
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Figure 4: Visualization of the particles detected by each IBA technique used.

2.4 Chemical Vapor Deposition (CVD)
2.4.1 Basic Principle

Chemical Vapor Deposition (CVD) is a chemical process in which the reactants react in
the vapour phase near or on a heated substrate and provide solid deposition on its solid surface.
The deposition species can be atoms or molecules, or a combination of both. Due to this

characteristic, it is classified as a vapor-transfer process [22].
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CVD as a process should be examined from many different scopes in order to be
optimized. The chemistry of the process, the thermodynamics, as well as the mass and heat
transport phenomena taking place should always be taken into account when studying and

designing such a process.

For a CVD process to be successful, the activation energy barrier of the required gas
phase and solid-gas phase reactions must be overcome. This can be achieved in a variety of

ways [22]:

1. Through thermal activation, by using high enough temperatures (sometimes over 900°C
depending on the chemistries used)

2. Through plasma activation, which can take place in lower temperatures (e.g. 300-
500°C)

3. Through photon activation, usually by using ultraviolet radiation for the activation of

the reactants or of several intermediates.

2.4.2 Types of CVD processes
Depending on the way the reactions are activated and the conditions they take place
under, the CVD processes can be classified into several categories. Depending on the way of

activation type, the processes are categorized as follows:

e When the reactions are thermally activated, then the process is classified as thermal
CVD.

e When the reactions are plasma activated, then the process is classified as Plasma
Enhanced CVD (PECVD)

e When the reactions are photon activated, then the process is classified as Photon Induced
CVD (PHCVD).
e When the reactants are decomposed by a catalytic cracking reaction, the process is

classified as Catalytic Chemical VVapor Deposition (Cat—-CVD)
Depending on the pressure of the reactor, the processes can be categorized as follows:

e When the process takes place under vacuum, then it is considered a Low-Pressure CVD
process (LPCVD).
e When the process takes place under atmospheric (or near-atmospheric) pressure, it is

considered an Atmospheric pressure CVD process. (APCVD)
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Depending on whether the reactor walls are heated or not, the processes can be categorized as
either hot-wall CVD or cold-wall CVD.

Depending on the temperature of the reactor, the processes can be categorized as either low-

temperature or high temperature.

As mentioned in section 2.4.1, the thermal activation of several precursors usually
requires a temperature higher than 900°C. This leads to several problems, especially when the
substrates are sensitive to high temperatures (e.g. glass or plastic substrates). Then, if there are
restrictions regarding the use of plasma, which is a reliable way of reducing the process
temperature, a practical problem exists. For this reason, several metalorganic precursors are
used, in order to reduce the required thermal activation temperature. However, such types of
precursors usually have a high vapor pressure, while also being toxic. Thermal CVD processes
that use metalorganic precursors are classified as Metalorganic CVD processes (MOCVD). For
this project, by using a metalorganic precursor, deposition of a silicon oxynitride material can

be observed for temperatures as low as 625°C.

For the scope of this work, the use of a PECVD would seem favorable since the
deposition could take place in lower temperatures. This way, the substrate would be thermally
unaffected. However, the low temperature at which the deposition takes place for PECVD
processes provides a big limitation to the problem. Under the low temperature conditions, the
desorption of several by-products and gases from the film would be incomplete. As a result,
large quantities of hydrogen could remain as an inclusion in the film. This in turn alters the
physical properties of the film, causing vulnerability against chemical etching [22].
Additionally, many PECVD processes require high vacuum, something that leads to a high
operational cost and therefore makes the process unattractive for industrial applications. For

this reason, a MOCVD process was preferred for the scope of this project.



18

3. Experimental Part
3.1 Deposition Method

3.1.1 Reactor Properties

The CVD of SiOxNy films took place in a horizontal, tubular, hot-wall reactor
configuration described in detail in a published work of the HEALTHYGLASS project [23].
The reactor consists of a fused silica tube with an inner diameter of 46 mm and a length of 700
mm, heated by a semitransparent furnace (Trans Temp, Thermcraft Inc.).

280 um thick monocrystalline silicon (100) wafers (Neyco) were cut in rectangles of
32x24 mm? and were used as substrates, after being thoroughly degreased. Inside the reactor,
two custom-made, cylindrical, stainless steel substrate holders supported the substrates. These
holders had a total length of 450 mm, a 7 mm deep insertion slot, which enabled the vertical
support of 18 substrates for each experiment. The first substrate was placed 57 mm away from

the reactor inlet.

The CVD reactor inlet consists of four separate gas lines. A N2 (99.9999%, Messer)
dilution line is utilized, whose variable flow allows a constant total gas flow of approximately
4030 sccm across all experiments. This N2 line was heated at around 100°C. A second N line
was used in order to bubble 48 or 147 sccm of N2 gas through a bubbler system containing the
precursor, tridimethylsilylamine (TDMSA), 95%, ABCR). The outlet line of this bubbler was
the line that fed the precursor’s vapors to the reactor. The bubbler was heated at 80+0.1°C,
while the bubbler N2 line was kept at approximately 95°C to avoid the recondensation of the
precursor vapors in the gas phase. An Oz (99.9995%, Messer) line introduced varying flow rates
of O.. Finally, an NH3z (99.999%, Linde) gas line introduced varying flow rates of ammonia.
All four gas-lines were kept separated and were not mixed until they entered the reactor. The
reactor’s base and operating pressures were monitored with a Pirani (MKS MicroPirani
Transducer Series 925C) and a Baratron (MKS Baratron Type 627) gauges respectively, placed
right after the deposition zone and right before a liquid nitrogen trap and a dry pump (Edwards,

soXu 20iC). The operating pressure was kept constant at 97.3 kPa (730 Torr) for all runs.
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Figure 5: Schematic (a) and 3D (b) representation of the CVD reactor (not true-to-size and proportion). Top left inset
photograph shows the substrate holder supporting a Si coupon vertically. Top right inset scheme depicts the symmetry plane,
the plotting plane YZ used for surface results presentation and the plotting plane XZ used to present gas phase results [23].

Therman profiles of the reactor were explored at two set point temperatures, namely 625
and 650°C. The wall’s temperature profile was measured at 20 mm intervals along the reactor
under a N2 gas flow of approximately 4030 standard cubic centimeters (sccm) using a type-K
thermocouple with an accuracy of £2°C, place at 360 mm from the inlet of the reactor. Two
different set point temperatures were used for the reactions, namely 625 and 650°C, defined as
the temperature measured at 360 mm from the inlet. An isothermal region can be observed at a

distance between 360 and 500 mm from the inlet, as shown in figure 6 below.
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Figure 6: Thermal profile for the two different set points used.
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3.1.2 Experimental parameters
Ten runs were performed with a deposition duration ranging from 2.5 hto 5 h, a varying

set point temperature and varying reactant flowrates, as summarized in Table 2.

Table 2: Deposition conditions of experimental runs performed in thermal CVD reactor.

Run  Set Point N flow rate TDMSA  O; flowNHs N dilution Deposition
Temperature through the flow rate rate flow rate flow rate time

(°C) TDMSA (sccm) (sccm) (sccm)  (sccm) (h)
bubbler (sccm)

TD3 650 147 6 2 20 3860 2.5
TD4 650 48 2 2 20 3960 2.5
TD5 650 48 2 0 20 3960 2.5
TD6 650 48 2 0.6 20 3960 2.5
TD7 650 48 2 0.6 0 3980 2.5
TD8 650 48 2 0.6 40 3940 2.5
TD9 650 48 2 0 0 3980 2.5
TD11 650 48 2.67 0.3 0 3980 3.75
TD12 650 48 2 1.2 0 3960 2.5
TD14 625 48 2 0.6 0 3960 5

Experiments TD3 and TD4 were used to examine the influence of the TDMSA flow rate
for a set point temperature of 650°C. Experiments TD4 through TD6 were used to examine the
influence of the O flow rate under a constant ammonia flow. Experiments TD6 through TD8
were used to examine the influence of the NHz flow rate under a constant oxygen flow.
Experiments TD7, TD9, TD11 and TD12 were conducted in order to examine the influence of
the Oz flow under constant TDMSA supply and in the absence of NH3. Between runs TD14 and

TD7, the effect of the Set Point temperature was investigated, by fixing all flow rates.
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Figure 7: Summary and visualization of the different experiment parameters.

3.2 Characterization Methods

3.2.1 Spectroscopic Ellipsometry

Ellipsometry was utilized in order to obtain accurate local thickness profiles, as well as

compositional and refractive index results. A Semilab SE-2000 ellipsometer operating in the

300-1000 nm wavelength range was used.

Figure 8: The Semilab SE-2000 ellipsometer.
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The incidence angle was kept constant at 70°. Each sample was probed at 5 points. These
5 points belong on an imaginary line that passes from the center of the sample, as shown in
Fig.8. The first point is located 2 mm below the top edge. After that point, 4 more points are

probed, with 5 mm intervals.

2mm

5 mm

32 mm

* Figure 9: Points on the sample
. probed by ellipsometry (marked with
red dots).

7 mm

24 mm

Figure 10: Six different samples ready to be probed.

The spectroscopic ellipsometry data were fitted in the 300-1000 nm wavelength range
using the software Semilab SEA. A Bruggeman effective medium approximation model
(BEMA) was utilized to extract the measured local thicknesses values, as well as information
regarding the composition and refractive index of the films at each point probed. The calculated

results were acquired for a R? fit of over 0.99. The results of the 5 points of each film were then
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averaged, providing average thickness, refractive index, and composition values for each

sample.

BEMA BEMA
(Si0,+SizN,) (SiO,+Siz;N,+amorph. C)
Si substrate Si substrate

Figure 11: The two different BEMA models used for ellipsometry.

3.2.2 Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR analysis was used in order to study the resulting film structure of the samples. A
Perkin Elmer Frontier FT-IR MIR/NIR spectrometer, equipped with a custom-made substrate

holder that enabled the analysis at different incidence angles, was utilized.

Figure 12: The Perkin Elmer Frontier FT-IR MIR/NIR spectrometer.

The spectra were acquired under a 60° angle between the sample and the incident beam,
enabling as such the appearance of the different LO3-TO3 pairs, according to the Berreman
effect[24]. This effect seems to be strongly evident for the Si-O LO3-TO3 pair in the silica rich
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films and is an indicator of a predominant silica character when observed. The spectral range
between 400-4000 cm™ (MIR) was probed with a resolution of 8 cm™. Sixty-four spectrum
accumulations were taken for each sample, after removal of the background signal. Then, the
Si-substrate was probed, and its spectrum was subtracted from the sample spectrum. As a guide
for this subtraction, the Si-Si peak ~610 cm™ was used. The factor of the substrate’s subtraction
was modified until the Si-Si peak’s intensity reached zero. Subsequently, the spectra were
baseline corrected. Lastly, the resulting spectra were normalized for each sample’s thickness,
since thickness is a factor that has an effect on the intensity of the spectra, as noted by the Beer-
Lambert Law [25].

The exact probed position on the sample is located on the imaginary line that passes
from the center of the sample and is the third point that is probed by ellipsometry. The choice
of this specific point, combined with the ellipsometry results, can give us more precise

information than a randomly chosen point.
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Figure 13: Point that is probed for the FT-IR analyses.

For the initial data manipulation, a Perkin Elmer Spectrograph software (Quantum)
bundled with the apparatus was used. However, further data manipulation was needed. The
complexity of the material and the different bonds that are contained therein, produce several
large bands in the FT-IR spectra. These bands need to be deconvoluted, in order to specify the
position and intensity of the underlying peaks. For this task, the Origin 2019 software was used.
The spectra were deconvoluted using the NLFit function of the Origin software based on
Gaussian curves and the Levenberg Marquardt iteration algorithm. The application of both

Lorentzian[26] and Gaussian [27], [28] curves for the deconvolution of such bands is
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frequently encountered in the literature, with the authors not specifying the particular reasons
for these choices. For the scope of the present work, the analyzed spectra seem to be better
deconvoluted by Gaussian peaks, and therefore such peaks will be utilized for the processing
of the experimental data. The starting points for the deconvolution algorithm were chosen by
several visual cues, such as shoulders or peaks that could be observed in the spectra, while also
being coherent with the several peak position ranges found in literature. A deconvolution was
considered successful if it yielded a value of R? higher than 0.98.

3.2.3 lon Beam Analysis (IBA)

Several lon Beam Analysis techniques, Rutherford backscattering spectroscopy (RBS),
nuclear reaction analysis (NRA) and elastic recoil detection analysis (ERDA) were utilized in
order to determine the exact chemical composition of the films. These techniques were housed
at the Pelletron facility in CEMHT], Orléans, France. The analyses were performed by the post-
doc researcher Babacar Diallo. These techniques require films with thickness in the range of
100-200 nm.

RBS and NRA were performed at a 166° detection angle with 2 MeV a particles for the
former. Oxygen, nitrogen and carbon concentrations were measured through the *60(d,a0)**N,
1N (d,p5)*°N, and 2C(d, po)*3C nuclear reactions respectively, using incident deuterons of 0.9
MeV.

A 2.8 MeV alpha beam was utilized for the ERDA experiments. The sample was
positioned at a 15° grazing incidence angle with the recoiled hydrogen getting collected at a
scattering angle of 30°. Ten spectra of 1 puC charge were successively collected to get enough
repeatability and intensity, and a satisfactory signal/noise ratio was achieved. The strong
desorption of hydrogen observed for most samples, presented the need for the individual

consideration of the ERDA spectra.
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Figure 14: Illustration of the substrate holder. The whole range of samples has been probed by spectroscopic ellipsometry.
The samples that have been probed by FTIR are in blue. The samples that have been probed by IBA are in red.
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4. Results

4.1 Ellipsometry

As discussed in previous paragraphs, ellipsometry was used to acquire information

regarding the samples’ thickness and approximate composition.

4.1.1 Effect of the O, Flow rate on the produced films
Experiments TD5, TD6 and TD4 were conducted in order to investigate the effect of the
Oz inlet flow rate on the resulting films in the presence of NHs. For these experiments, the NH3

inlet flow rate was kept constant at 20 sccm.

First, the above effect on the deposition rate was investigated, using the 2 phase BEMA
ellipsometry model. Average values were considered when exploring this effect. That means
that the thickness results for the 5 points of each sample were averaged, and then divided by

the deposition duration. The results for this set of experiments are presented in Fig.14.
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Figure 15: Effect of the Oz flow rate on the deposition rate (Constant NHs flow rate of 20 sccm).

The following observations can be made:

e For all three experiments, the deposition starts at about the same distance from the inlet.
It is evident that the deposition starts at about 17 cm from the inlet. That corresponds to

a local sample temperature of 530 °C.
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e |t is evident that an increased oxygen flow rate increases the overall deposition rate of
the process.

e For higher oxygen flow rates, the maximum deposition rate shifts towards the end of
the reactor. Indeed, it can be observed at a 43.6 cm distance from inlet for an O flow
rate of 2 sccm and at a 36.4 cm distance from inlet for an O flow rate of 0.6 sccm. This
could be attributed to the lower O concentration in the gas phase, that occur due to the
lower flowrate.

e No maximum can be observed for the experiment conducted without an inlet O, flow

rate.

Then, the effect of the O flow rate on the nitrogen content of the films in presence of
constant NHs flow was investigated. The nitrogen content below was calculated by the 2 phase
BEMA model, as discussed in paragraphs 2.1.2 and 3.2.1. Again, the average molecular fraction
of nitrogen in each sample was calculated by averaging the results from the 5 points that were

probed for each sample. The results were the following:
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Figure 16:Effect of the Oz flow rate on the average Nitrogen Content of the films (Constant NH3 flow rate of 20 sccm).

The following observations can be made:

e The nitrogen incorporation inside the films starts at approximately 26.8 cm from the

inlet, for all 3 investigated flows of O». That translates to a local temperature of 630 °C.
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e The higher the O inlet flow rate is, the less nitrogen is incorporated inside the films.
The highest nitrogen content was observed for an absence of an O flow.

e The nitrogen incorporation for the film produced under a 2 sccm O2 flow was minimal.
A maximum of 1.2% molar fraction was observed at the end of the reactor.

e The maximum nitrogen content for each experiment can be observed for the final
sample of each experiment for all 3 experiments. That could be the effect of a low

oxygen concentration in the gas phase towards the exit of the reactor.

Experiments TD7, TD9, TD11 and TD12 were conducted in order to investigate the
effect of the Oz inlet flow rate in the absence of NHs.

As with the previous case (effect of O flow rate while NHz is present), the same strategy was
followed for the investigation of the effect of the O> flow rate in the absence of ammonia. First,

the effect on the deposition rate was investigated. The results are shown in figure 17:
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Figure 17 : Effect of the Oz flow rate on the deposition rate (no NHs in the gas phase).

The following observations can be made:

o Similarly, to the experiments where NHz was present, the higher the oxygen flow rate,

the higher the overall deposition rate of the process.

e The deposition for all experiments starts at 17 cm from the inlet.
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The higher the oxygen flow rate, the deposition rate maximum moves closer to the
exhaust of the reactor. This does not appear to be the case for the experiment were 0

sccm of O2 were used.

Then, the effect of the O flow rate in the on the nitrogen content of the films in the

absence of NH3 was investigated. The nitrogen content below was calculated by the 2 phase

BEMA model. The results were the following:
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Figure 18: Effect of the Oz flow rate on the films' Nitrogen content (no NH3 in the gas phase).

The following observations can be made:

For all experiments, the nitrogen incorporation begins at 22 cm from the inlet. That
translates to a local temperature of 610 °C. Additionally, since no ammonia was used,
it is concluded that the nitrogen incorporated in the films originates from the precursor.
The maximum nitrogen content for all experiments is observed at the last sample. That
could be the effect of a lower oxygen concentration in the gas phase towards the exit of
the reactor, compared to the regions closer to the inlet.

For the experiment were no oxygen was used (TD9) and therefore the precursor was the
main factor for the deposition, the nitrogen content of the film can reach levels up to
40%. However, the 2-phase model provided bad results for an O flow of 0.3 sccm.

Therefore, the 40% nitrogen content that was observed here is not considered a reliable
result.
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e For experiment TD11 (0.3 sccm Oz) IBA results were very different from the results
provided by the 2 phase ellipsometric model. For this reason, they are not included in

the figure above and will be discussed later.

4.1.2 Effect of the NHz Flow rate on the produced films

Experiments TD6, TD7 and TD8 were conducted in order to investigate the effect of the
NHz inlet flow rate on the resulting films in the presence of O.. For these experiments, the O>
inlet flow rate was kept constant at 0.6 sccm.

First, the effect of the NH3 flow rate on the deposition rate was investigated. The results were

the following:
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Figure 19: Effect of the NHs flow rate on the deposition rate (constant 0.6 sccm O2 flow rate).

The following observations can be made:

e Similarly to the other experiments, the deposition seems to start at 17 cm from the inlet.
That translates to a local temperature of 530 °C.

e The higher the NH3 flow rate, the lower the overall deposition rate. However, the effect
of the ammonia flow rate on the deposition rate does not appear to be that strong.

e A maximum deposition rate has been observed for all experiments. This maximum is

observed at a similar distance from the inlet for all studied NH3 flow rates.



32

Then, the effect of the NH3 flow rate on the nitrogen content of the films was investigated. The

results were the following:
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Figure 20: Effect of the NH3 flow rate on the films' nitrogen content (constant 0.6 sccm Oz flow rate).

The following observations can be made:

e The higher the NHs flow rate, the lower the nitrogen incorporation in the film. This
result was not expected and made it clear that the nitrogen incorporation in the film is
mostly due to the precursor.

e For all experiments, the nitrogen incorporation begins at 22 cm from the inlet. That
translates to a local temperature of 610 °C.

e The maximum nitrogen content for each experiment is observed at the sample closest

to the reactor’s exhaust.

4.1.3 Effect of the TDMSA Flow rate on the produced films

Experiments TD3 and TD4 were compared in order to investigate the effect of the
TDMSA flow rate on the resulting films. The NHs flow rate was kept constant at 20 sccm and
the O2 flow rate was kept constant at 2 sccm.
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First, the effect on the deposition rate was investigated. The results were the following:
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Figure 21: Effect of the TDMSA flow rate on the deposition rate (constant 2 sccm Oz and 20 sccm NHs flow rate).

The following observations can be made:

e The maximum deposition rate observed for both experiments is almost equal. However,
it is observed at 32 cm from inlet for a TDMSA flow of 6 sccm and at 42 cm from inlet
for a flow of 2 sccm. This could be an indication that the increased concentration of
TDMSA leads to a quicker consumption of Oz in the gas phase. As such, it can be
assumed that the oxygen is the limiting reactant.

e For a TDMSA flow rate of 6 sccm, the deposition rate closer to the reactor’s inlet is
higher than that of the experiment with a TDMSA flow rate of 2 sccm. However, after

the maximum is reached, the deposition rate is lower.

Temperature (°C)
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Then the effects on the nitrogen content of the films were investigated. The results were the

following:
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Figure 22: Effect of the TDMSA flow rate on the films’ nitrogen content (constant 2 sccm Oz and 20 sccm NHs flow rate.)

The increased amount of TDMSA provides a higher nitrogen incorporation in the films, further

confirming that the precursor used is the main source of nitrogen for the films.

4.1.4 Effect of Temperature on the produced films

Experiments TD7 and TD14 were compared in order to investigate the effect of
temperature on the resulting films. TD7 was conducted at a set point temperature of 650 °C,
while TD14 was conducted at a set point temperature of 625 °C. The inlet composition for both
experiments was the same.

The effect on the deposition rate was investigated and the results were the following:
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Figure 23: Effect of temperature on the deposition rate (all inlet parameters constant).

The following observations can be made:

e A higher reactor temperature leads to a higher overall deposition rate. That means that
the reaction rate becomes faster with the increase in temperature, as expected for
endothermic reactions.

e The maximum of the deposition rate is reached closer to the inlet of the reactor for a
higher temperature. Again, this is probably because the increase of the temperature

results in higher reaction rates per sample, and as such a faster oxygen consumption.

Then, the effect of temperature on the nitrogen content of the films was investigated. The
following results were obtained:
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Figure 24: Effect of temperature on the nitrogen content of the films (all inlet conditions constant)

The nitrogen incorporation in the film follows a similar trend and shape. However, the nitrogen
incorporation is higher for the experiment that was conducted at 650 °C. This shows that
nitrogen deposition is favoured at higher temperatures.

42 FTIR

FTIR was utilized in order to obtain information about the several chemical species
present in the films. However, in order to clear up and understand better the spectra that were

observed, a study of the vibration modes found in SiO, SisN4 and SiOxNy films was necessary.

4.2.1 Vibration Modes expected in the produced films
The main absorbance peaks expected from SiO> films regarding Si-O bonds, as observed by
infrared spectroscopy, are the following[9]:

e The rocking mode (Transverse Optical - TO1) at around 455 cm™ [9]
e The bending mode (TO2) at around 805 cm™ [9]

e The symmetric stretching mode (TO3) at around 1080 cm™ [9]

e The asymmetric stretching mode (TO4) at around 1180 cm™ [7]
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If the samples are measured under an oblique incidence angle, some longitudinal optical modes
can also be observed. This is called the Berreman effect [24]. These modes correspond to the

Transverse Optical modes and can be observed in the following wavenumbers[7]:

e LO3ataround 1254 cm™
e LO4 paired with the TO4 at around 1165 cm™

These LO modes and their position can provide useful information regarding the structural

properties of the network, such as its density [8].

Apart from these peaks, peaks corresponding to hydration in the film’s structure may also be
observed. Such peaks indicate the presence of hydrogen or hydroxyl groups in the film
structure. Specifically, the Si-H stretching mode peak can be found at a band around 2100 cm-

119], while the wag-rocking vibrations are located at 630-650 cm™.

Si-OH peaks indicate water contamination and adsorption on the films and can be observed in
a wide band around 3600 cm™, and at 925 cm™ [8]. Of course, peaks corresponding to the H-

OH stretching mode can also be observed, at around 3500 cm™ [8].

On the figure below, a typical SiO2 FTIR spectrum can be observed[8]:
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Figure 25:FTIR spectrum of a SiO2 film processed at a temperature of 400°C [8].

The TO3 vibration mode’s position depends on the film’s thickness, porosity[29], strain, stress,
and oxygen content. The TO2 and TO1 modes’ position appears to be unaffected by the above

parameters [7].
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The main absorbance peaks expected in SisN4 films from an infrared spectroscopy regarding
Si-N bonds are the following[11]:

e The symmetric stretching mode around 490 cmt
e The asymmetric stretching mode around 850 cm™

e A third mode responding to stretching vibrations of the locally distorted configurations
at 790 cm?

As in the case of silicon oxides, the presence of impurities in the silicon nitride films can also
be observed in their FTIR spectra.

The H-OH band can be observed, as in the spectra of silicon oxides, and appear as a band around
3300-3500 cm™, [10]

However, two more peaks that correspond to the N-H bond are also observed in this region.
The first one relates to the N-H stretching bond near 3320 cm™. This band however appears to
have a “tail”, which is likely to be caused by hydrogen bonds between the hydrogen atoms of
the N-H bond and lone pair electrons on nearby nitrogen atoms[30]. The notation given for this

specific type of vibration is N-H---N and it can be found at around 3300 cm™™,

The Si-H bonds that appear in silicon oxides can also be observed at around 2100 cm™.
However, the peak found at around 630 cm™ is hidden by the much more intense Si-N band
[31]. All of the aforementioned peak positions depend on the process and the conditions utilized

for film production.

On the figure below, a typical SisN4 FTIR spectrum can be observed [10]. The absence of a Si-

O-Si peak around 1100 cm™ is clear.
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Figure 26: FTIR Spectrum of a PECVD Silicon Nitride film [10].

The precursor, TDMSA, used for the experiments of the present thesis, contains a respectable
amount of carbon. For this reason, the Si-CHs peak around 1260 cm, the =CH peak around
3050 cm™ and the —CHy peaks around 2960-2800 cm™ will be also taken into account [15].

4.2.2 Areas of focus in FTIR study

The two main areas of interest chosen for the characterization of silicon oxynitride films are the
following: A fingerprint region observed between 650 and 1300 cm™, that contains the majority
of the information regarding the main lattice of the film. The second area is the hydrated region

found between 2700 and 3600 cm™, which contains the majority of the hydrogen related
absorptions.
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In Figure 27, a silicon oxynitride spectrum acquired of a sample containing 7.5 at.% nitrogen

produced at 650°C (TD7 experiment) can be observed:
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Figure 27: Typical FTIR spectrum acquired from the TD7-P1 sample.

Firstly, the hydrated area around 3600 — 2700 cm™*, which indicates the presence of hydrogen

and hydroxyl bonds in the film, is denoted in blue in Figure 27. In this specific area, the

following modes can be observed[12], [13]:

The Si-OH stretching mode, observed around 3600 cm
The H-OH stretching mode, observed around 3500 cm
The N-H stretching mode, observed around 3400 cm™

The N-H--N stretching mode, observed around 3350 cm'™?
The =CHj stretching mode, observed around 3055 cm™ [15]
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e The —CHystretching mode, observed between 2960-2800 cm™ [15]
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Figure 28: Peaks found in the hydrated area.
In Figure 29, a deconvolution of the “hydrated area” is shown. As mentioned before in chapter

3.2.2, Gaussian curves have been used for the deconvolution of the spectra.
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Figure 29: Example of the deconvolution of the "hydrated region".
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The second area of interest, the “fingerprint region” can be found around 1300 — 650 cm™. This
area gives precious information regarding the structure of the lattice. In this area, peaks related
to Si-N, Si-O, Si-C can be observed. Again, due to the complexity of this area because of the
overlapping absorptions, deconvolution is required to correctly identify the exact properties of

the peaks.
Specifically, the peaks that appear in this area are the following:

e The Si-(CHs)x stretching bond observed around 1270 cm™ [32]

e The Si-O-Si TO4 mode observed at 1160 cm™ [12], [13]

e The Si-O-Si TO3 mode observed at 1040 cm™ [12], [13]

e A possible Si-CH,-Si stretching mode around 1020 cm™. [33]

e A Si-OH stretching mode around 925 cm™, as mentioned in chapter 3 [8]
e A Si-N stretching mode, observed around 940 cm™[12], [13]

e A Si-O bending mode, observed around 820 cm™[12], [13]

e A possible Si-C stretching mode, observed around 800 cm™ [34], [35]

e The Si-N symmetric stretching at 490 cm™ [11]

e The Si-O rocking mode at 450 cm™ [12], [13]

g e
Iz @
0,35 Q Q
h wn Z.
< 030 |- w!
L
025
T
0,20 | o
) o
3 0,15 [ o z
M | s Pt
E 0,10 L\j‘J

0,05 -

/0 I O A WA

1400 12p0 1000 800 600 400
wavenumber (cm-1)

0.00

Figure 30: Peaks found in the fingerprint region.
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Below, a deconvolution of the “fingerprint region” using Gaussian curves is shown.
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Figure 31: Example of the deconvolution of the "fingerprint region™.

The main peaks whose evolution was tracked across all experiments were the Si-N stretching
mode, the Si-CHj stretching mode and the Si-O-Si symmetric stretching mode (TO3s) peak. The
Si-CHj peak is identified by the visual observation of the shoulder around 1270 cm™ and not
through deconvolution. The other two peaks (Si-O-Si TOz and Si-N stretching mode), were
tracked through the results obtained via the deconvolution. For these two peaks, the position
and intensity were tracked for every sample. This was done in order to correlate the intensity

and position of these peaks with the nitrogen content of the films, as calculated by ellipsometry.

Another thing that has to be taken into account, is the deconvoluted peak around 800 cm™. For
the sample studied in Fig.31, this peak has been attributed to the Si-O bending vibration mode.
However, several silicon related absorptions take place in that wavenumber area. It is possible
that the peak at 800 cm™ is a different Si-N vibration mode, or even a Si-C stretching mode
vibration. To correctly attribute the 800 cm™ absorption to the respective bonds, X-ray
photoelectron spectroscopy (XPS) analysis will be utilized. The acquisition of high-resolution

spectra, coupled with the deconvolution of the N1s and C1s spectra, will give information on
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the environment of these elements. Through this analysis, some authors [36] have managed to

discern between the amount of Si-O, Si-C and Si-N bonds.

It should be noted that the majority of the aforementioned peaks are observed across the
majority of the experiments. The existence of the many types of methyl groups inside the films

is possibly an indication of a SiOxNy:CHs film.

4.2.3 Tracking of the Si-O-Si TOs, Si-N and Si-CHjs stretching modes
Through deconvolution, the tracking of the Si-O-Si TO3z and Si-N peaks has been made
possible across experiments. For the Si-CHs peak, only the peak position was tracked without

using deconvolution — just by the visual observation of the spectra. The results were the

following:
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Figure 32: Si-O-Si TO3 and Si-N stretching mode peak positions vs atomic nitrogen content across experiments
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It appears that for each experiment, as we are moving closer towards the exhaust of the reactor
and the nitrogen incorporation inside the film is increasing, both the Si-O symmetric stretching
mode and the Si-N stretching mode peak shift towards lower wavenumbers. This is probably
caused by the increase in the nitrogen content of the films. Additionally, a break in the slope of
the Si-O-Si symmetric stretching mode is observed globally once the nitrogen at.% exceeds

approximately 5 at.%.

Several authors have noted a shift of both peaks towards higher wavenumbers after the
annealing of the samples, attributed to the re-organization of the network[37], [38]. Based on
this idea, the shift of the Si-N peaks of the final samples of several experiments like TD3, TD6,
TD7, TD8 (Fig. 32a, 32b, 32c, 32d) could hint towards a more organized network.

However, no explanation has been given for the overall shift of the peaks towards lower
wavenumbers. It is assumed that it is an effect of the increasing nitrogen incorporation in the
network [39], [40].
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Then, the intensity of the absorbance of the Si-O-Si TOs and Si-N stretching vibrations based

on the nitrogen content of the films was investigated, the results were the following:
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Figure 33: Si-O-Si TO3 and Si-N stretching mode intensities vs atomic nitrogen content across experiments

For experiments TD3, TD6, TD7 (Fig. 33a, 33b, 33c respectively), an increase in the
absorbance intensity of the Si-N stretching mode peak is observed, as well as a decrease in the
absorbance intensity of the Si-O-Si stretching mode peak. Moreoever, a break in the slope of
the Si-N stretching mode intensity is globally observed to happen after approximately 4-5 at.%
of nitrogen. Additionally, if Beer’s law is taken into account and the absorptivity remains
constant, then this could translate to the increase of the Si-N bonds concentration and a decrease
of the Si-O-Si bonds inside the film. However, this trend is not observed in films produced from
the other three experiments TD8 ,TD12, TD14 (Fig. 33d, 33e, 33f respectively). Instead, both

the intensities of the Si-O-Si and Si-N stretching modes decrease. If Beer’s law is still taken
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into account, then this could correspond to either a decrease in the concentration of the species
— something which is not possible based on the ellipsometry and IBA results - or due to a
change in the absorptivity of the material. Some other factors that could weigh-in on this
unintuitive trend could be possible computational errors in the deconvolution of the spectra, or
deviations in the thickness values (as calculated by ellipsometry) used for the normalization of
the FTIR spectra.

Afterwards, the Si-CHz stretching mode peak position correlation with the nitrogen content of
the films was investigated. As mentioned above, this peak was tracked by visually observing

the shoulder that appears around 1270 cm™. The results were the following:
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Figure 34: Si-CHs stretching mode position vs atomic nitrogen content across experiments.
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A generic trend can be observed here. As the nitrogen content of the films increases, the position

of the Si-CHjs stretching mode peak shifts towards lower wavenumbers.

4.2.4 Tracking of possible Si-H peaks

For the investigation of the existence of Si-H bonds inside the films and for its
correlation with the experimental parameters, the absorptions occurring in the wavenumber
range of 2300-2000 cm™ must be observed. In other CVD methods and especially PECVD, the
produced silicon oxynitride films may contain a high concentration of hydrogen, especially in
the form of Si-H bonds. In their publication, Varanasi et. al [41], correlate the content Si-H
bonds with the passivation properties of the film in physiological conditions. Specifically, the
increase of the Si-H bond content hinders the passivation properties of the films, causing them
to be partially soluble in certain conditions. The authors also mention that a film with increased
Si-H concentration and low nitrogen content is easily soluble. In their publication, the Si-H
peak position ranged from 2252-2270 cm™*. Other authors, have positioned the Si-H stretching
mode in the band ranging from 2000-2200 cm™ [34] and more specifically around 2120 cm™*
[42]. Peter et. al [42] have attributed the peak found around 2200 cm™ to a C=N stretching

mode.



49

For the p1 sample of each experiment (as shown in Fig.14), the FTIR spectra acquired were
isolated in the 2300-2000 cm™ wavenumber range, searching for possible absorptions. The

results were the following:
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Figure 35: The 2300-2000 cm* wavenumber range for the experiment series.

Before commenting the figure above, it should be noted that the absorbance intensities
measured for this range for all the experiments are quite low. However, the following

observations can be made:

1. The films corresponding to experiments TD3, TD6, TD7, TD8 and TD9 show the lower
absorbance levels for the whole wavenumber range. The absorbance intensity is almost
zero, therefore it could be argued that no Si-H bonds are present in the films (any
comment on how this correlates with the gas phase composition?).

2. The films corresponding to experiments TD11, TD12 and TD14 all follow a similar
pattern. The highest absorbance in this wavenumber range for all these films can be
observed at around 2080 cm™. Therefore, the presence of Si-H species in these films
can be supported. This similar behaviour could be attributed to the fact that all three
experiments took place under an ammonia free gas phase, with the oxygen flow and

temperature being the only variables.
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3. The film corresponding to experiment TD5 shows the most unique behaviour between
the films studied. It shows an absorbance maximum around 2230 cm™. This could be
attributed to the C=N stretching mode. The absorbance observed around 2100 cm*
could be attributed to the Si-H stretching mode. For the TD5 experiment, no Oz was
used the gas phase. It was the only experiment for which only the precursor and NH3

were present in the reactor inlet. This could be the reason for this unique behaviour.

To sum up, although the absorbances detected for the whole range of experiments in the 2300-
2000 cm™ wavenumber range were low, certain similarities could be observed for some
experiment groups. This appears to have a connection to the experimental parameters used, and
more specifically, to the gas phase composition.

It should also be noted, however, that for the TD6, TD7 and TD8 experiments, where
absorbance was not detected, the IBA results, which will be presented in more in the following
chapter, show a hydrogen content similar to that of the TD11, TD12 and TD14 experiments.
This could mean that for the TD6, TD7 and TD8 experiments, hydrogen is mostly found in the
Si-OH, N-H and H-OH species present in the films, and not Si-H.

4.2.5 Effect of the O flow rate on the overall character of the films

Another trend was observed, while visually comparing acquired spectra from the whole
range of experiments. When higher flow rates of oxygen are used in the gas phase composition,
the spectra acquired are similar to silicon oxide spectra — they have a SiO. character. When
lower flow rates of oxygen are used in the reactor inlet, the spectra acquired are similar to
silicon nitride spectra — they have a SizsN4 character. The evident LO3-TO3 Si-O-Si peak pair
found in silicon oxide films observed due to the Berreman effect [24], was considered a major
indicator of the films’ character. This trend can of course be linked to the nitrogen content and
its correlation to the inlet oxygen flow rate, as discussed in section 4.1.1. This change of
character of the films is clearer when comparing the spectra of the samples that are placed near

the exhaust of the reactor for different experiments, or when comparing the spectra that were
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acquired for samples of the same experiment across the reactor. In the figures below, both cases

are displayed.
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Figure 36: Evolution of the "fingerprint" area for the TD7 experiment.

It is obvious that, while comparing the spectra of the samples from different positions inside
the reactor (from TD7-pK to TD7-p6), their character changes. In the TD7-pK sample, the one
closest to the reactor inlet between the four, has a clear oxide character. The LO3-TO3 pair is
clearly evident, with the two peaks distinctively separated, one around 1200 cm™ and the one
around 1050 cm™, while the Si-N stretching mode, observed as the shoulder around 940 cm™,
has a much lower intensity than that of the Si-O modes. As we move towards the exhaust of the
reactor, the Si-O-Si LO3-TO3 pair becomes less evident, with the two peaks slowly merging
into almost one (TD7-p6). The shoulder of the Si-N stretching mode becomes broader, more
evident and its intensity increases. In the TD7-p6 sample — the one closest to the exhaust of the
reactor, the LO3-TO3 Si-O-Si pair is still evident, but much less so. The film still has a
dominant SiO character, but the inclusion of nitrogen in the film is obvious. As it has been
established in chapter 4.1, oxygen is the main promoter for film formation at the temperatures

studied. That means that it reacts easily in the gas phase and readily leads to SiO. deposition.
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This change is character can be attributed, therefore, to the consumption of oxygen in the gas
phase, which leads to lower oxygen concentrations towards the exhaust of the reactor, and as
such, a relatively lower SiO> deposition compared to SizNa.

Below, the evolution between the final reactor samples for each experiment that was conducted
without the use of ammonia in the gas phase can be observed. For the TD12 experiment, 1.2
sccm of O2 were used in the gas phase. For the TD7 and TD11 experiments, 0.6 and 0.3 sccm

of O were used, respectively. For the TD9 experiment, no Oz was used.
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Figure 37: Evolution of the "fingerprint" area for the samples closest to the reactor exhaust. For these experiments, no
ammonia was present in the gas phase.

Here, the evolution of the character of the films is much clearer. For the TD12 experiment, the
silicon oxide character is evident, as expected thanks to the higher O, flow applied. The LO3-
TO3 pair is clearly visible. For the TD7 experiment, the LO3-TO3 pair starts to disappear, and
the whole band shifts towards lower wavenumbers. For the TD11 and TD9 experiments, the
LLO3-TO3 pair has disappeared completely, with the Si-CH3 absorption at around 1260 cm™
being now completely separated from the other absorptions. The whole band has moved
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towards lower wavenumbers because of the reduction in the intensity of the Si-O peaks (1050-
1200 cm™), and the simultaneous great increase in intensity of the Si-N stretching mode (940
cm™). Additionally, absorbances at 850 cm™ and 800 cm™ become very pronounced for TD11
and TD9, assumed to be attributed to Si-N and Si-C vibrational modes. Moreover, the lack of
Si-O absorption at 1200-1260 cm™ leads to the assumption that the absorption at 1000-1020
cm in these two experiments is most probably a Si-CH.-Si absorption, usually hidden under
the prominent Si-O character in other experiments. Generally, the TD11 and TD9 films display
a character less similar to that of a silicon oxide film, developing a predominant silicon nitride
character. In fact, samples produced in the TD9 and TD11 experiments, displayed a great

resistance to chemical etching, as it will be discussed in chapter 4.4.

4.3 IBA results

The IBA results were used to compare the stoichiometry of samples from the same p2
position (as shown in Fig. 14), across experiments. Specifically, samples from the TD6, TD?7,
TD8 and the TD7, TD11, TD12 and TD14 experiments were probed with this method. The first
group of samples can indicate differences in the sample composition for a varying oxygen and
ammonia flow rates, while the second group of samples is used to investigate differences
attributed to varying oxygen flow rates in the absence of ammonia. The TD7 samples can be

used to make observations for both sets of experiments.

The results obtained by IBA provide information regarding the atomic composition of
the films. This way, they can be used to calibrate and validate the 3-phase BEMA ellipsometry
model, by fitting the density of the carbon phase as discussed in paragraph 2.1.2.



4.3.1 Effect of NHs flow rate on the atomic composition of the samples
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For this study the nitrogen, hydrogen, and carbon content of experiments TD6, TD7

and TD8 was compared. The results were the following:
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Figure 38: Effect of the NH3 flow rate on the nitrogen content of the films based on the IBA results.

It appears that the nitrogen content of the film is not heavily influenced by the amount of

ammonia used in the gas phase. This confirms the observations and assumptions of paragraph

4.1.2 — the fact that the nitrogen originates from the precursor and its content is mostly

controlled by the precursor to oxygen flow ratio.
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It appears that there is a correlation between the carbon content of the films and the NH3 flow
rate. The higher the amount of ammonia at the reactor’s inlet, the lower the carbon content of
the films. This could be caused by either the cleavage of the methyl ligands of the film by the
ammonia [43], or maybe by the inhibition for film formation from several carbon-containing

intermediates due to the presence of ammonia in the gas phase.

28,00%
23,00% ®
18,00%

13,00%

Hydrogen content

8,00%

3,00%
0 5 10 15 20 25 30 35 40 45

NH; flow rate (sccm)

—8—TD8-P2 TD6-P2 TD7-P2

Figure 40: Effect of the NH3 flow rate on the hydrogen content of the films based on the IBA results.

In Fig. 40, no clear correlation between the ammonia flow rate and the hydrogen content of the
film can be detected. Interestingly, the hydrogen percentage follows a reverse trend compared

to that of the nitrogen content.
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Figure 41: Effect of the NHz flow rate on the C/N ratio of the films based on the IBA results.
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In Fig. 41, as expected, a trend similar to the evolution of the carbon content of the films is
observed. As the ammonia flow rate increases, the carbon-to-nitrogen ratio of the films

decreases. The possible reasons for this effect have been mentioned above.

4.3.2 Effect of O, flow rate on the atomic composition of the samples in absence of NH3
For the study of the effect of the inlet oxygen flow rate on the atomic composition of

the samples, the results of the TD7, TD11 and TD12 experiments have been compared. The
results were the following:
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Figure 42: Effect of the Oz flow rate in the absence of ammonia on the hydrogen content of the films based on the IBA

results.
A clear correlation between the O2 flow rate and the nitrogen content of the films can be
observed. The higher the oxygen flow at the reactor’s inlet is, the lower the nitrogen content of

the films. An explanation for this could be that the nitrogen and oxygen incorporation in the

film is done through different and competing reactions.
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Figure 43: Effect of the Oz flow rate in the absence of ammonia on the carbon content of the films based on the IBA results.

Here, a clear correlation between the carbon content present in the films and the oxygen flow
rate can also be observed. The higher the oxygen flow rate, the lower the carbon content of the
films. This could have 2 different explanations. The first is that the nitrogen and carbon are
possibly deposited through the same molecule and same reaction, which, as stated above, is in
competition with the reaction that causes the oxygen incorporation. The second is that the
presence of oxygen in the gas phase might cause the cleaving of the carbon moieties present in

the different intermediate species of the gas phase.
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Figure 44: Effect of the Oz flow rate in the absence of ammonia on the hydrogen content of the films based on the IBA results.

A clear correlation between the oxygen flow rate and the hydrogen content of the films can also
be noticed. It appears that as the oxygen flow rate increases, the hydrogen content of the film

drops to lower levels. This could be explained by the assumption that the major hydrogen
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containing chemical species in the film — such as N-H and —CHy — also contain carbon and
nitrogen atoms, which, as established above, are also decreased by the increase of the O flow
rate. As a result, it is argued that the hydrogen content of the films is found predominantly in
the form of N-H and —CHy.
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Figure 45: : Effect of the Oz flow rate in the absence of ammonia on the C/N ratio of the films based on the IBA results.

The graph above provides the following information: The C/N ratio of the films appears to
decrease with the increase of the oxygen flow rate. This comes against the explanation given
above regarding the deposition of nitrogen and carbon by the same intermediates, because that
would mean that the C/N ratio of the films would be constant. The results depicted in this graph
are closer to the idea that the increase of oxygen concentration cleavages further the carbon
moieties of several reactive intermediates of the gas phase, leading to the deposition of a carbon-
nitride material that through intermediates that have progressively lower C/N atomic ratio.

4.3.3 Effect of temperature on the atomic composition of the samples
Experiments TD7 and TD14 were compared in order to investigate the effect of temperature in
the final composition of the films. As stated in Table 2, the only difference between these two

experiments is their deposition temperature, which was 650 °C for TD7 and 625 °C for TD14.
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Figure 46:Effect of temperature on the nitrogen content of the films based on the IBA results.

It appears that the higher the temperature, the higher the nitrogen incorporation inside the films.
A reason for this could be that the higher temperature either facilitates the reactions that cause
the deposition of nitrogen-containing intermediates or increases the number of nitrogen-
containing intermediates produced in the gas phase.
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Figure 47: Effect of temperature on the carbon content of the films based on the IBA results.

Here, a tendency similar to that of the nitrogen content is observed. The higher the temperature,
the higher the carbon incorporation inside the film. Taking into account the hypothesis made
for the tendency of the nitrogen content, a higher temperature could translate to a plethora of
nitrogen and carbon containing intermediates in the gas phase, which are in turn deposited on

the film with several surface reactions.
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Figure 48: Effect of the deposition temperature on the hydrogen content of the films based on the IBA results.

Following the trend of the nitrogen and carbon content of the films, the hydrogen content of the
films also increases with increasing temperature. This result could be supported by the fact that
the main hydrogen-containing species found on the films through FTIR are N-H and -CHx —
not ignoring of course the presence of Si-OH. Therefore, an increase of the nitrogen and carbon

content of the films appears to also result in a subsequent increase of the hydrogen content.
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Figure 49: Effect of the deposition temperature on the C/N ratio of the films based on the IBA results.

Interestingly, the C/N ratio of the films seems to decrease with an increase in temperature. It is
recalled that the oxygen flow rate was constant in these two experiments. This could mean that
either carbon is incorporated via different intermediates depending on the temperature, with

intermediates containing more carbon atoms being more common at lower temperatures.
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Another possibility is that the carbon-cleaving effect of the oxygen is more effective at higher
temperatures. Even though the carbon content increases with the temperature, the C/N ratio
decreases, hinting at a simultaneous activation of the carbon-cleavaging effect, and an
activation of the carbon-nitride film-forming intermediate, which at higher temperatures has

lost some of its carbons.

4.3.4 Calibration and validation of the 3-phase BEMA ellipsometry model for samples
produced under an ammonia-free gas phase

As stated at the beginning of the chapter, certain IBA results were necessary for the
calibration — and later for the validation — of the 3-phase BEMA ellipsometry model. Using the
IBA results derived for the TD3-p2 sample (10.7% C and 5.8% N), the carbon density needed
for the calculations of the 3-phase model was fitted. It was determined equal to 0.652 g/cm? and
provided excellent fit for the carbon content of the film and provided a nitrogen content equal
to 4.6%. A carbon phase with such a low density can be explained by the fact that this phase
was added to the model just to provide an estimation of the carbon content and should not be
thought of as a clear carbon phase. There are natures of carbon mentioned in the literature, such
as soot [44], with a density comparable to the one used to calibrate our model. The film of
course, does not contain soot, but in order to provide reasonable estimations using this model,
a lower than expected value for the density of the carbon phase must be tolerated. After all, this

hypothetical “carbon phase” could contain a lot of hydrogen and other impurities.

After finding the value of the density, the model was tested and compared with the IBA results
of the TD11, TD12, TD14 experiments. The results were the following:

Table 3: Comparison of the 3-phase BEMA model and IBA results.

Experiment at% nitrogen at% nitrogen at% carbon 3- at% carbon
3-phase BEMA IBA phase BEMA IBA
model model

TD11 12.7 9.8 24.5 20.7

TD12 2.9 4.7 8.6 8.0

TD14 3.2 4.5. 8.9 94

One could say that the model provides estimations regarding the nitrogen and carbon content
of the films, that is not far from the more accurate results provided by the IBA methods. It
should be noted however, that the ellipsometry model that is used cannot provide information
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on the hydrogen content of the films. That means that the atomic contents that are provided by
this model, especially that of silicon and oxygen, contain inside them a “hidden” hydrogen

atomic percentage, which is ignored by the model.

4.4 Wet etching corrosion resistance

A (6:1) buffered oxide etch (BOE) solution (6 parts of NH4F (40%) and 1 part of HF
(49%), Sigma Aldrich), was used in order to determine the wet etching corrosion rates of the
produced films. This type of etching solution is used mainly on silicon nitride films (SisNa),
however its use in silicon oxynitride can also provide valuable results. This specific solution
was chosen after preliminary results of wet etching corrosion tests conducted with the Pliskin
solution (3 parts hydrofluoric acid (49 %), 2 parts of nitric acid (70 %), and 60 parts of distilled
water) made it clear that the samples were fully resistant to it. As such, the more aggressive

BOE solution was selected.

Resistance to this type of etching is considered important for determining the barrier
properties of the films and therefore for their desired applied use. Some authors have correlated
the etching rate of silicon nitride films to their hydrogen content [45], while more recent studies
have suggested that the etching rate is higher for films with higher N-H bond contents [46] or
films containing higher hydrogen content in general[47]. However, other authors have
mentioned that silicon nitride films deposited over an oxide layer can provide better surface
passivation [48]. This could be the case with a silicon oxynitride film, and therefore the BOE

wet etching corrosion test was selected to investigate the films’ corrosion resistance.

Ellipsometry measurements of the films were taken before the test. Afterwards, the
sample are placed in the BOE solution and the duration of etching is timed using a stopwatch.
After that, ellipsometry measurements are taken again in order to determine the thickness loss
over the etching time measured by the stopwatch, giving as such the respective etching rate.
The nitrogen content of the film was determined by using the 2-phase ellipsometry model. Then,
the etching rates of the films were plotted against their nitrogen content. The results were the

following:
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Figure 50: Effects of the film nitrogen content (as calculated by the 2-phase ellipsometry model) on the BOE etching rate.

It appears that the nitrogen content of the films plays a significant role on the etching rate of
the produced silicon oxynitride films. The higher the nitrogen content of the films, the lower
the observed etching rate, and as such, the higher the resistance of the material against

corrosion. The highest resistance to the BOE test was displayed on the following samples:

1. TD5-p3, which was produced under an oxygen free gas phase, using only O, and
TDMSA as the reactants, and having a nitrogen content of 15.4%.

2. TD11-p3, which was produced under an ammonia free gas phase, using 0.3 sccm of
0>, with a nitrogen content of 28.9%.

3. TD3-p6, which was produced using excess TDMSA, O2 and NHz in the gas phase, with
a nitrogen content of 10.7%.

4. TD9-p3, which was produced using only TDMSA in the gas phase, with a nitrogen
content of 28.7%.

It is observed that, despite the differences in gas phase composition, any sample with a nitrogen

content higher than 8 at.% had a remarkable resistance against corrosion.

Additionally, the etching rate results were plotted against the Si-N stretching mode and Si-O-
Si TO3 peak positions of the several films, in order to investigate a possible correlation. The

results were the following:
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Figure 51: Effect of the Si-N stretching mode peak position on the observed etching rate.

No specific correlation between the position of the main Si-N peak observed by FTIR and the
calculated etching rate was observed.
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Figure 52: Effect of the Si-O-Si TO3 stretching mode peak position on the observed etching rate.

However, a visible correlation exists between the etching rate and the Si-O-Si peak position.
The higher the wavenumber of the peak position, the higher the etching rate of the film. The
exponential behavior of this plot is similar to the reverse exponential trend of the etching rate
plotted as a function of the nitrogen content (Fig. 50). As an indirect correlation, it is proposed
that the increase of the nitrogen content in the films is one of the factors that drives the shift of
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the Si-O-Si TO3 peak towards lower wavenumbers, and is additionally the key parameter for

the improvement of the etching rate.
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5. Conclusions

The solid phase analysis of the produced films is of great importance, when the need for
process optimization is vital for the improvement of the films’ properties relating to the target
applications. The results obtained via the analysis of the solid phase can contribute greatly to
the establishment of the correlation between the process conditions, the structure and properties
of the film and the film’s performance. The analysis of the solid phase of films produced under
a plethora of varying experimental conditions can show the way towards the most favorable
process conditions, under which a film, with the best properties for the targeted performance
requirements, can be produced. Apart from that, the results of the solid phase analysis —
combined with the results of the reactor’s gas phase analysis — is essential information for the
development of a representative chemical model, which could be used to formulate a realistic
deposition mechanism. In turn, the development of an accurate chemical model, will aid the
simulation of the deposition process. As a consequence, such simulations can be used for
process optimization, and for the prediction of multiple potential sets of flow rate, temperature,
and gas phase composition parameters using the TDMSA/ NHa/ O, chemical system, that would
otherwise be too time- and material-consuming to test with actual experiments via a trial and

error approach.

Via the use of ellipsometry, accurate results regarding the films’ thickness were given.
This method was used for the measurement of the deposition rate of each experiment and was
therefore of great use for the construction of the aforementioned model development.
Additionally, ellipsometry provided certain trends (via the use of the 2-phase BEMA model)
regarding the nitrogen content and thickness of the films, sample by sample, as an evolution of
the position and local temperature inside the reactor. It was observed that the deposition rate is
highly dependent on the flow rate of Oz, with oxygen being the main promoter for film
formation, increasing the deposition rate with higher oxygen flows. However, a higher O flow
rate also hindered the incorporation of nitrogen inside the films, a result globally observed
across all experiments. On the other hand, an increase in NHs flow rate appeared to slightly
hinder both the deposition rate and the nitrogen incorporation inside the films. Through a series
of experiments, which validated that the incorporated nitrogen actually originates from the
TDMSA precursor, it is concluded that, for the flow rates and temperature ranges that were

studied, the addition of ammonia in the gas phase is redundant and can be ignored.

The increase in the flow rate of the TDMSA precursor increased the deposition rate,

with the maximum deposition rate being observed closer to the inlet of the reactor. However,
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after this maximum, the deposition rate decreases, and it is concluded that the consumption of
the available oxygen in the gas phase is the reason to decreasing deposition rates observed at
the exhaust of the reactor. The addition of TDMSA precursor also led to a dramatic increase in
the nitrogen incorporation inside the films, further confirming the conclusion that the

incorporated nitrogen stems from the TDMSA compound.

As expected for endothermic reactions, the use of lower temperatures leads to a
decreased overall deposition rate, while at higher temperatures, the various surface reactions
that form the SiOxNy film can take place with higher reaction rates. A key result was that the
decrease in temperature also negatively affected the nitrogen incorporation, hinting at a clear
requirement for higher temperatures when elevated concentrations of nitrogen are desired in the
produced material. Finally, the combination of FTIR analysis and the correlation of its results
to those of ellipsometry, confirmed the conclusion the nitrogen-containing species originate

from the precursor molecule and not from the added NHs gas that is supplied in the reactor.

Via the use of FTIR, the several types of species present in the films could be observed.
In all the films studied, either the Si-O stretching mode or the Si-N stretching mode were the
predominant absorptions observed in the spectra. Most of the work involved the tracking of
their intensity and their position across all experiments. The films also contained several
hydrogen related species, such as Si-OH and H20. The general trend that was observed, was
that the use of lower flow rates of O led to a shift of the Si-O and Si-N peaks towards lower
wavenumbers. This is a sign of higher nitrogen incorporation inside the films [39], [40]. The
general character of the films shifted from a silicon oxide character to a silicon nitride character,
depending on the amount of O, present in the gas phase. The less the oxygen present in the gas
phase, the more the films obtain a character closer to a silicon nitride than a silicon oxide. This
was very evident in experiments where little to no oxygen was used. In those experiments, the
spectra obtained through FTIR were surprisingly different from spectra of other experiments.
They were in a category of their own — due to their carbon content — and led to the
reconsideration of the 2-phase BEMA ellipsometry model, highlighting the need of a 3-phase
BEMA model, which, in addition to the SiO, and SisNs phases, is also considering an
amorphous carbon phase. Furthermore, no evident Si-H peaks were observed in the spectra,
something that leads to the assumption that the amount of hydrogen bonded uniquely to silicon
is very low. The complexity of the precursor, TDMSA, was also evident on the resulting films.
Not only were its —CHs moieties identified in the produced materials, but it also led to multiple
different chemical species.
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The family of IBA methods (RBS, ERDA and NRA) were of utter importance for the
confirmation of the trends observed through ellipsometry and FTIR and for the calibration of
the 3-phase BEMA model. Indeed, through the results of the IBA methods, it was confirmed
that an increased O> flow rate leads to films poorer in nitrogen and carbon. It was also confirmed
that the use of lower temperatures hinders nitrogen deposition. Additionally, based on the IBA
results, it appears that increased flow rates of both NH3z and O> lead to a decreased nitrogen
content inside the films. However, the increase of ammonia resulted in lower carbon
percentages, through cleavaging of the methyl ligands, as is known from the literature. Oxygen
appears to inhibit the deposition of intermediates containing a high number of carbon atoms.
This could either mean that the majority of carbon is contained in the species that are
responsible for the co-deposition of nitrogen and carbon, or that O in the gas phase reduces the
methyl moieties contained in the different intermediates, which then result in the formation of
nitrogen-containing films poorer in carbon. IBA also indicated respectable amount of hydrogen
inside the films, something, which combined with the FTIR results, points to a high amount of
N-H, Si-OH and CHy species inside the produced material.

Via the chemical etching by a BOE solution, results regarding the performance of the
films against wet etching corrosion were acquired. It appears that the nitrogen content of the
films is the key parameter that impacts the resistance to corrosion, with higher nitrogen contents
significantly improving the anticorrosion behaviour. Additionally, it was concluded that as long
as the nitrogen content exceeded a value of approximately 8 at.%, films had a remarkable and
similar corrosion resistance, regardless of the gas phase composition under which they had been
produced. For these samples, the etching rate dropped at values lower than 1 A.s. No direct
correlation could be made between the position of the Si-N absorption to the etching rate,
however a trend was observed for the Si-O absorption, indicating that an increase in nitrogen
content shifts the Si-O absorption towards lower wavenumber and simultaneously improves the
corrosion resistance by decrease the etching rate.

In summary, all the above results and trends were of great aid in deciding new
experimental parameters. The analysis of the films produced in the absence of oxygen and
ammonia was a turning point for the project, which led to the adoption of an ammonia-free
chemistry for the experiments following thereafter. The deposition rate and nitrogen deposition
for the following experiments was then only determined by adjusting the oxygen-to-TDMSA
ratio. This ratio was found to have the biggest effect on the resulting films, their composition,
chemical structure and therefore their functional properties. Lastly, the ellipsometry results
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were also of great importance and helped in the systematic extraction and use of a large amount
of data, which played the key role for the development of the chemical model and the process

simulation.
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6. Perspectives
As an extension of the results of the present work, several ideas for further research and

improvement are proposed.

First, the further calibration, validation, and improvement of the three-phase
ellipsometry model could be of great importance. By using this model, important
approximations can be made regarding the films’ composition across multiple samples in the
reactor, without having to pass every single sample through the more costly and time-
consuming IBA characterizations techniques. Proposals for further improvement of the model
are AFM analyses for the definition of a surface roughness layer, as well as SEM or TEM cross-

section analyses, for the validation of selected samples’ film thickness.

Second, the effect on the carbon and hydrogen content of the films on their etching
resistance must be further investigated. Because the IBA methods were the only techniques able
to give accurate hydrogen percentages, it is highly suggested to couple these methods with the
wet etching corrosion test. Alternatively, a further calibration of the three-phase ellipsometry

model, that would additionally give information on the hydrogen content, could also be used.

Third, the possible correlation between the position of the Si-O-Si TO3 peak and the
films’ performance in chemical etching tests must be further investigated, through additional

etching and FTIR results, to enrich the current database.

While for silicon nitride films, an increased amount of N-H [46] species and the
increased amount of nitrogen and hydrogen content inside the film [47] seems to result in worse
performance against corrosive solutions, this does not seem to be the case for the films produced
by this work. An increase in nitrogen content seems to be the main factor impacting the films’
performance in the wet etching test. However, the effect of the N-H species amount on the

films’ performance should be further investigated, by combining FTIR and IBA results.

The complexity of the FTIR spectra does not allow the precise identification of some
peaks. The value of XPS analysis for the distinction and the quantification of the several species
bonded to silicon atoms will be of great importance for a deeper understanding and a more
precise identification of the network existing inside the films. This way, light will be shed to

the amount of oxygen, nitrogen and carbon connected to silicon atoms within the film.

Finally, in order to have a better understanding of the factors that lead to a better film
performance, emphasis should be place on the solid-state NMR[49]. Moreover, the wettability
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of the films could be of great importance in their performance in applications relating to
corrosion. For this reason, surface energy analysis results would be of great interest. Both the
results of NMR and the surface energy calculations should be correlated with the results of the
present work, in order to provide a clear and complete idea regarding the factors, which impact
the films’ anti-corrosion and barrier behaviour. Lastly, the importance of each of these factors

to the films’ performance should be investigated.
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