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Abstract

Films containing intermetallic compounds exhibit properties and combination of
properties which are only partially explored. They provide multifunctionality to advanced
materials required by industrial sectors, thus becoming a source of breakthrough and
innovation. Metalorganic chemical vapor deposition (MOCVD) potentially allows conformal
deposition on, and functionalization of complex surfaces, with high throughput and moderate
cost. For this reason, it is necessary to control the complex chemical reactions and the
transport mechanisms involved in a MOCVD process. In this perspective, computational
modeling of the process, fed with experimental information from targeted deposition
experiments, provides an integrated tool for the investigation and understanding of the
phenomena occurring at different length scales, from the macro- to the nanoscale.

The MOCVD of Al-Fe intermetallic compounds is investigated in this thesis as a
paradigm of implementation of such a combined, experimental and theoretical approach.
Processing of the approximant phase AlisFe, is particularly targeted, due to its potential
interest as low-cost and environmentally benign alternative to noble metal catalysts in the
chemical industry.

The attainment of the targeted AljsFe, intermetallic phase passes through the
investigation of the MOCVD of unary Al and Fe films. The MOCVD of Al from
dimethylethylamine alane (DMEAA) in the range 139°C-241°C results in pure films. Increase
of the deposition temperature yields higher film density and decreased roughness. The Al
deposition rate increases to a maximum of 15.5 nm/min at 185°C and then decreases.
Macroscopic simulations of the process predict deposition rates in sutisfactory agreement
with experimental measurements, especially in the range 139°C-227°C. At higher
temperatures, competitive gas phase and surface phenomena cannot be captured by the
applied model. Multiscale modeling of the process predicts the RMS roughness of the films
accurately, thus allowing the control of properties, such as electrical resistivity, which depend
on the microstructure.

The MOCVD of Fe from iron pentacarbonyl, Fe(CO)s, is investigated in the range
130°C-250°C for the possibility to obtain fairly pure Fe films with low O and C
contamination. The surface morphology depends strongly on the temperature and changes are
observed above 200°C. The Fe deposition rate increases up to 200°C, to a maximum of 60
nm/min, and then decreases. Moreover, the deposition rate decreases sharply with increasing
pressure. Computational predictions capture accurately the experimental behavior and they
reveal that the decrease at higher temperatures and pressures is attributed to the high gas
phase decomposition rate of the precursor and to inhibition of the surface from CO. The
multiscale model calculates RMS roughness in good agreement with experimental data,
especially at higher temperatures.
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Upon investigation of the two processes, a series of Al-Fe co-depositions performed
at 200°C results in Al-rich films with a loose microstructure. They contain no intermetallic
phases and they are O-contaminated due to the reaction of the Al with the carbonyl ligands.
Sequential deposition of Al and Fe followed by in situ annealing at 575°C for 1 h is applied to
bypass the O-contamination. The process conditions of Fe are modified to 140°C, 40 Torr and
10 min resulting in O-free films with Al:Fe atomic ratio close to the targeted 13:4 one.
Characterization techniques including X-ray diffraction, TEM and STEM/EDX reveal a
composition gradient along the thickness of the films, and the formation of the m-AlisFey
approximant phase together with secondary Al-Fe intermetallic phases.

It is demonstrated that MOCVD is a suitable method to obtain films composed of
intermetallic alloys. Such films, conformally processed on complex surfaces can be
considered for a variety of applications.



Xnuikn omdOeon amd atud Al, Fe kot g mpoceyy1oTikig SIOUETOAAKNG PAONG

AlsFey: Tepdpato Kot TPOGOUOIDCELS TOAATADY YOPIKOV KAUAK®OY
loavvng I'. APiliovng
Exteviig EAAnvucn mepiinyn

H mapovca drotpipn mpoaypatedeton T cuVOLAGHEVT] TEPAUATIKT KOl VITOAOYIGTIKN
pueAén oepyaciov Xnuikng Anodfeong amd Atud (XAA) pe omdTeEPO GTOXO TNV EPOUPLOYN
™me Y tov oynuatiopd petahdikedv cvumidokmv (complex metallic alloys — CMAS) kot
dapetolikov evocewv  (intermetallic compounds) aiovpviov-cidnpov (Al-Fe) nave oe
emeaveles. [To ovykekpiéva, peretdTor 1 SVVATOTNTO GYNUOTIGHOD TNG TPOCEYYIGTIKNG
edong AlisFes, n omoia Tpocdidel TOAV-AEITOVPYIKES 1010TNTEG GE TPONYHEVA VAIKA. MeTa&d
A OV, TopEYEl KOl KOTOALTIKEG WOTNTEG Yo TN Olepyacio. MUL-LOPOYOVOGNG TOV

AKETVAEVIOV TTPOG abBVAEVIO 6TNY Tapaywyr ToAd-aibvieviov (Armbrister et al., 2012).

Meto&d tov dtapopmv peBoddwv andbeong, 1 XAA emAéyetor AOY® NG VYNANG NG
amddOOoNG Kot TNG OLVOATOTNTOG 7OV TAPEYEL YO, OLOLOLOPPT ETIKAALYN ETLPOVEIDV HE
nepimhokn yeopetpio. Xt XAA to omoTiOEHEVO HETOALD TEPLEYOVTOL GE OPYIKEG LOPLOKES
EVDOELC, TOLG TPOOPOUOVG (Precursors). Atpoi Tov mpodpoUmY EVOGEMV TAPAYOVTOL Kot
LETOQEPOVTOL GTOV AVTIOPUCTHPA KOl GTNV EMPAVELNL EVOG VTOGTPAOUOTOS, OO Evo, PEPOV
0ép1o. Ot TPOSPOLLES EVIGEIS GUUUETEXOVV GE OVTIOPAGELS 0EPLOG Pdong Kot empavelakés. H
amofeon TOV PETAAMK®OV LUEVIOV TPOYUATOTOEITOL OTOV GTO VTOGTPOUN TOPEXETAL 1)
KatdAAnAn mocotnta evépyelag. H opOn epappoyn mg XAA Paciletoar omv emroyn
KATOAANA®V TPOSPOU®V EVOGE®V, TNV TOPAYOYT OTULOV TOVG KOl TN HUETAPOPH TOVS GTOV
OVTIOPOCTI PO, GTOV CYESIGUO TOV OVIIOPOCTIPM, KOl GTOV EAEYXO TOV UNYOVIGUOV TOV
vrelsépyovion ot oepyosio. To tedevtaio Prpo amotehel T peyaAddtepn dvokoAio otnv
OMOTEAECUATIKY €Qapuoyn g XAA, eautiog ¢ mepimiokng ocvlevéng g ynueiog pe ta
QOVOLEVO LETOPOPAC.

H pobnupotikny mpotvmomoinon kot 1 vmwoloyiotiky] avdAvon oOepyaciov XAA
amotedel TOAOTIHO epyalreio Yia T HEALTN TETOIWV TEPIMAOK®Y aAAnAemdpdcewy. Emumiéov,
N TPOTLIOTOINGCT TOAAUTADY YWPIKOV KAPAK®V TopEYel T dvvatotnta Olepediviong
unyovicu®v mov cvupaivouv e OaPopeTIKES yopkés KAipokes. H mpotvmomoinon oe
HOKPOOKOTIKO €Mimedo (Lakpo-KAIpaKa) OEPELVE TOVE UNYOVIGHOVS GTOV KUPLOo OYKO TOL
avtwpaoctipa. H eyxupdttd g mpoimobétel v 160 g vdeong ToV GLVEXOVS HUEGOL
v ™ Swtpnon ¢ Haloc, TG OpUNG Kol TNG EVEPYELNS, TOL TEPLYpapovTal amd Eval
GUVOAO UN-YPOULIK®V, UEPIK®OV OlapopikaVv eéichoemv. Ot e£lo®oelg avtég emAvovtal
TPOCEYYIOTIKA, HE TN ¥PNon UEBOO®V VTOAOYIGTIKNG PEVCTOSVVOUIKNG, GTOV TPLOACTATO
YOPO VIO ypovikd petaforAidpeveg cvvOnkeg 1 ocvuvOnkeg poviung katdotaonc. H
TPOTVTOTOINCT OTN HOKPO-KAMpoka TePIAapBAavel OLOYEVELG OVTIOPAGELS 0EPLOG PACTG KOl
ETEPOYEVEIC EMPAVEINKEG AVTIOPACELS TOV 0N YOHV GTNV OmOOEST TOL HETAAMKOD LUEVIOL.
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Ot Beopnrikéc TPOPAEYEIC, TOV TPOKVTTOVV HE TN YPNON TOV VIOAOYIGTIKOV HeBdS®V,
agopov, petatd GAAwv, oty e&dptnon tov pubuod amdbeong TV vueviov omd TIg
AEITOVPYIKEG TOPAUETPOVS TOV avTdpactipa. Tlapéyovv yvdon yio TOVS UNYOVIGLOVG NG
XAA, Kot €161 GUUBAALOVY GTOV KOOOPIGHO TPOTIUNTEMV «Tapabipwv» Acttovpyiog, Kabmg
Kol o1 PeAtiotomoinon kol Tov €Aeyyo g olepyaciag. H adlomotion g vwoAoyioTikig
avéivong emPefordverol amd Tn cHYKPLIOT TOV OMOTEAEGUATOV LE OVTIGTOL(O TELPOLOTIKA
dedopéva. H mpotvmomoinon omn pikpo- Kot vovo-kAipoko eivol omopoitntn yoo
JLEPELYNON EMPAVEIOKDY SEPYACIOV, OTMOS TPOSPOPNOT|, O1dYVOT Kol EKPOPNOT Hopiv 1|
atopov. 'l ™ ovvdeon Twv 600 KMUAK®OV, TO TPOTLTO HOKPO-KAIUOKOS TPOPOSOTEL e
VTOAOYIOTIKT] TTANPOPOPic. TO TPOTLTO VAVO-KMUOKOS Yoo TNV 7TpOPAEyYN NG Vvovo-
popeoroyiag. To mpoxOMTOV TPOTLTO TOALUTADV YOPIKOV KAMUAK®OV EMTPEMEL TNV
TPOGOUOIMGT YOPOKINPIGTIKOV TNG EMPAVELNS, OTMG 1 TPAYVTNTO TNG EMPAVELNSG TMV
vueviov, Tov GLVOLOVTOL UE TIC TEMKEG O0TNTEG TOV LUEVIOV. ZUVETMG, 1 LOOMUOTIKY
TPOTLTOTOINGT (oG dtepyociog XAA, Tov mepAaUPAVEL TPOGOUOUDGELS GTH LLOKPO-KATLOKO
KOl TPOCGOUOUDCELS TOAAATADV YOPIKOV KAUAKOV TOPEYEL TANPOPOPIES V1oL T GLUVOAIKTY|
Tapoy®Yn €vOg vueviov: amd v e£aptnon tov pvouov andBeong Kot TOv TEYOVS ATO TIC
AELTOVPYIKEG GLVONKEG MG TN UIKPO-O0UT KOl TIC 1O10TNTEG TOV VUEVIOV.

H XAA vueviov mov meptéyovv SIUUETOAAKES EVOGELS TPOUTOOETEL TV apyIKN
dlepevvnon tv depyacidv andbeong (Lovo)-petadlkdv vpeviov. H copfatdmra (ymukn,
OepLukt), LETOPOPES OTUMV GTOV OVIOPUCTIPE) TOV EEXMPIOTAOV OEPYOCLDY UEAETATOL,
MOTE VA KATAGTEL TPAYUOTOTOWOIUN 1 TavTdypovn (cuvamodbeon) 1 n dadoyiky amdbeon
TOV UETOAM®V. XZMUOVTIKEG TANPOQOpieg mapEéyovior omd To AEYOUEVA  OLOYPOLLLOTOL
Arrhenius, mov meprypapovv v e€dptnon tov pvhuov andbeong amd ™ Oepuokpacio. To
Stbypappo. Arrhenius givatl to amotédeopa TG LOOMUATIKNG TPOTVTOTOINONG EMKVPOUEVO
and TG avtioToeg TMEPAUATIKEG UETPNOELS. ATewovilel OYNUOTIKA  SLOUPOPETIKEG
OepLOKPOCIOKES TEPLOYES, TOV GYETILOVTOL LLE TOV EAEYYOVTO UNYXOVIGUO TNG OlEpyaciag o€
YopUnAEg Beppokpacies, 6Tov o puOUdS amdBeong Tov vueviov avEdvetal pe T Beppokpacia,
N depyaocio eAEyyetar amd TV KIWWNTIKN TOV ETQPAVEIONK®V avtidpdoswv (reaction-limited
regime). e vynAodtepeg Oeppoxpacies, o puOUdC andbeong mapapével oxeTiKd oTadePOG Kot
n Oepyacia eAéyyetar amd KOwoL omd TIG YNUIKEG OVIOPACEIS KOl OO QOIVOUEVO
petapopdc. Iepartépw avénon g Bepprokpaciog oonyel oe peiwon tov pvOuod amdHeong
AOY® TG emKpaTnoNG TOV Qovouévov petopopdg (diffusion-/ transport-limited regime). I'a
T Oepyacieg ovvomdbeong Kol OO0y KNG amdBeong, M GLVOLOCUEVY) XPNON TV
Swaypappdtov Arrhenius tov kdbe peTodAkod GLGTATIKOD TOPEYEL TANPOPOPIES Yo TOV
KkaBopiopd €vog Kovol mapabvpov Asttovpyikdv cvuvinkov. H diepyosio g cuvamddeong
elval TPOTIATEPO VO TPAYUATOTOEITAL OE YOUNAES BEpLOKPOGIES, OOV EAEYYOV UNXAVIGUOG
elvar mn emoavelokn oviidpoaon. Xe avtd 10 Ogpuokpaciokd €0pog M emidpacm TV
AVTIOPACEMY OEPLUG PACNG OTN OlEPYNTin, Ol OTOlEG EVOEXETOL VAL 0N YNOOLV GE LYNAOVG
pvOpOVE Oldomaong Kol o€ OAANAETIOPACELS METOED TV TPOOPOU®MY EVMOCEMV, Elval
TEPLOPICUEVT]. ZVYKEKPLUEVEG TPOOPOUES EVAGELS, OUMG, TAPOLSIAlovy VYNAOVS pLOLOHG
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avTdpdoemv aéplag paong Kot didomacng, o€ OAo to e&eTaldpevo Bepprokpaciokd evpogc. Xe
VT TNV TEPIMT®ON, 1 cvvamdbeon mpaypatonmoleitor 6€ cLVONKEG Tov TEPAaUPdvouy
OLLPOPETIKEG BEPLOKPACIOKES TTEPLOYES Yo TNV KAOE TPHOpoUn Evmo. Zuvenms, 1 XAA Tov
TPAOTOV PETAALOV UTOPEL VO EAEYYETOL OO TNV GUYKEVIPMOGT TOV YNUIKOV GUGTATIKOV GTNV

aéplo EACT TOL AVTIOPAGTNPN, EVM TOL OEVTEPOL UETAALOL amd TN Beppokpacio amdBeonc.

Y& autod 10 YeEVIKO TAiclo peletdror 1 XAA vueviov adovpviov (Al) kot cidfqpov
(Fe) ka1 ovvakdrovba, 1 cvvamobeon kot M dwdoyikn andbeon tov 600 petdAlowv. H
HoONUoTIKy  TPOTVTOTOiNoT NG OlEPyaciog Kot Ol  VTOAOYIOTIKEG TPOGOUOLDCELS
TPOYUATOTOOVVTOL 0T ZYoAn Xnukadv Mnyovikdv tov EOvikod Metoofiov TToAvteyveiov
(EMII), vndé v emifreyn tov Kob. A.I'. Mmouvvtovpr. H mewpapatiky dwdwocio
npaypatonoteiton oto gpyactiplo Centre Interuniversitaire de Recherche et d’Ingénierie des
Matériaux (CIRIMAT) tov Institut National Polytechnique de Toulouse (INPT) tng T'aA)iag,
v1o v emifreyn twv Dr. C. Vahlas xou Dr. T. Duguet.

H mepapatiky o1dragn meprhapfavel évav kdbeto, kKolvopikd avidpaoctipa XAA,
LE OTGAALVA TOLYDOUOTO, TOV TOPEYEL TN SOLVOTOTNTO TPOYLLOTOTOINONG TEPAUATOV LE BEPUA
N yoypd toyopata. H vmapEn evog @opéa otpiéng vTosTPOUATOV GTO ECMTEPIKO TOV
AVTIOPOCTNPO EMTPENEL TNV AnOOeoN GE TEPIGGATEPO MO £VOL VITOCTPMOUATO, TO KaBEva pe
TUTIKY] empdveln 1 cm?®. Emmhéov, N vrapén evog katawmviotipa (shower plate) anévovt
amd TOV QOPEN VTOGTPMUATMV EVIGYVEL TNV OUOLOYEVELN TNG PONG TOL 0EPIOL UEYUOTOC
avtpoviov. H ovykekpyévn mepopatikn odtaln €yl emruy®g SOKWOoTEL Yo TNV
TOPOYOYN LETOAMK®V Kot dapetadlikdv vueviov (Aloui et al., 2012; Krisyuk et al., 2011;
Xenidou et al., 2007; Xenidou et al., 2010).

IMa ™ podnuotikn tpotvmonoinomn g XAA 6€ HOKPOGKOTIKO EMIMESO, TO TPATLTTO
OV  OVOTTUGOETOL TEPAAUPAVEL TO HOVIEAO TOVL TEPOUOTIKOD  OVTIOPACTHPO OV
dwkprromoleiton e €va TAEYHO oTOElwO®V kKeAwv. KdbBe xeM avamoapiotd Evav
TEMEPUCUEVO OYKO LEGH GTOV OTOT0 Ol TIHES TV HETAPANTOV oL voAoyilovtot Bempodvtan
otabepés. Or pepwcés dapopikés e€lomoelg dwtpnong g Halag, S opung Kot g
evépyelog emAdovior aplBuntikd oe kdbe ke Ttov mAEypotoc pe T pébodo TV
nenepacpuévov dykov (Boudouvis, 2010; Thompson et al., 1985; Versteeg and Malalasekera,
2007) ka1 pe ™ xpnomn tov gumopikov Aoyioukov Fluent (Ansys 12.1/Fluent Documentation,
2009).

To mpdtLIo Vavo-khipakog ivar otoyaotikd Kot Paciletar o€ évav akyoptbpo Kinetic
Monte Carlo (kMC) mov avartdydnke amd tovg Lam and Vlachos (2001). Ov tpocopoidoelg
ot vavo-kAipaxo yivovtor amd kddika oe YAdwooa C/C++, o omoiog dtayepileton Tpiddv
E0ADV EMPAVELNKESG OlEPYACIES: TPOSPOPN O, Oldyvomn Kot ekpoéenon. ['a v Teptypapn Tov
EMPOVEIOKDV OlEPYOCIOV KATO TNV omdbeon epopudletar n TPocyylon «otepeol o€
oteped» (solid-on-solid approximation) kot Oewpovpe 4Tt 0t CAANAETOPAGEIS TOV ATOU®V
oV em@dvela yivovtal petold tov gyydtepmv yertdvov tovg (first-nearest neighbor
interactions — Gilmer and Benema, 1972). Q¢ tpdtn TpocEyylon 610 TEPAUTIKA SES0UEVA,
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emléyetan éva omAd kuPikd mAéypa (simple cubic lattice), mapd ) drapopetikn, fce kar bee
doun mAEypatog Kot tov mpooavoatolopud tov vpeviov Al kot Fe ((111) xor (100),
avtiotorya). H emioyn avt tov mAéypatog odnyel oty avdmtuén evdg adpopeponc

TPOTHTOV VOVO-KATLOKOG TOV GLUUPBAAAEL GTN LEIWON TOV VITOAOYIGTIKOD KOGTOVG.

H obvdeon tov 600 khpdkov Paciletor oty vwobeon 6t1 0 pvOudc amdBeonc
napapével otabepdc, aveEdptnto and v KAMpoka oty onoio tpocouowmvetor (Masi et al.,
2000). Metd v emilvon 10V VIOAOYIGTIKOD TPOPANUATOS GE HOKPOGKOMIKO EMIMEDO, TO.
KAdopato palog T®V GLOTOTIKMOV TOV GULUUETEXOLV OTNV 0mdbeon TV UETOAA®V,
Tpo@0odoTovVTOL 6T0 TPOTVITO KMC Y100 TV Tpocopoimen TG vavo-00Ung TV DUEVIOV.

INo ™m XAA vpeviov Al emidéyeton n mpoddpoun évoon dimethylethylamine alane
(DMEAA). H emloyn tov cuykekpiuévon tpodpdpov Poaciletal otn oyeTikd vynin tdomn
aTU®V TOL o€ Bgprokpacio doUATIOL KOl GTN SLVATOTNTA TOL TAPEYEL Yo OTOBEST VUEVIDY
o€ oYeTIKA YapunAég Beppokpacies. H melpapatiky kot vmoAoylotikny ovaAvon g depyaciog
oToYXEVEL 01N dlepegvvnon g €€ApTNong tov pvduov amdPeong Kot TG UIKPO-O0UNG TOV
vueviov omd ) Oeppokpacio 6to Ogpporpactakd svpog 139°C — 241°C.

H XAA tov Al antd to DMEAA éyel o¢ amotélecspo v amdbeon kabapmdv vueviov
Yopig mpoouitelg avBpaxa M alotov. H pkpo-dopn tov vueviov mopatnpeitor 6to
niextpovikd piKkpookoémio odpwong (SEM). Mikpoypopieg e emMQAVEINS Kol TOUDV T®V
vueviov mapovsidloviar oto Xy. II-1 y Ogppoxposieg mov avrictoyodv ctovg 139°C,
198°C and 227°C (Aviziotis et al., 2015). Ot mapatnpricelc TV anoTEUEVOY VUEVIOV 6N
yoauniotepn Oeppokpacio (Zy. IM-la kot B) deiyvovv didomaptovg kpvotdrirovg Al oty
EMPAVELDL TOL GUUPBAALOVY GTN SIUUOPPDCT] AGVVEXDV VUEVIOV, LE LKPT OLOIOHOpPIo Kot
Tpoyld popeoioyia. Avtifeta, n avénon g Bepuoxpacioc copPaiier otnv avénon g
TLUKVOTNTOAG TOV VUEVIOV AOY® GLUVEVOONG TV KPLOTAAAwV (Zy. T1-1y ko O, kot petd € o
o1). H extipmon tov mdyovg tov vueviov HEcm PeETpNoemV TG avEnong e Lalag Toug HETd
mv anddeon Siver ipég 907 nm (£90 nm) xon 833 nm (90 nm) yia T1g Oeppokpacicg 198°C
and 227°C, avtictorya. H pétpnomn tov méyoug oto SEM Siver avtictoryo Tipéc ioeg pe 873
nm (x50 nm) kot 804 nm (x50 nm). H coykpion peta&d tov Tidy yio to miyn ToV DUEVIOV
delyvel OTL Ta. amoTeAéS AT Elval TOPOUOLD Y10l TOVG OVO SLUPOPETIKOVS TPOTOVG UETPNOTG.
AT glval amoTEAEG LA TG TEPLOPICUEVTIG TOPDOOVS OOUNG, TPl TNV V&N TPaYHTNTOC.

Mo ™ pokpookomikn mpotvmomoinon ¢ depyacioc, TO OYNUo YNUelag mov
e€etaleton yio v amdfeon Al and 1o DMEAA, meptlapfaver pio. agptor Kot [iol ETPOVELNKN
avtidopoomn S1ioTaong TOV TPOdPOUOL, OV 0dNYEl TehMKkd otnv amdbeomn vueviov Al (Han et
al., 1994; Kim et al., 1996; Xenidou et al., 2010; Yun et al., 1998b). I'a T dVo avTEG
avVTIOPAGCELS Ypnoiporotovvtal Kvntikég Arrhenius npotg taéng. H evépyeia evepyomoinong
™me aépuog avtidpaong mapéyetor amd T Piproypapio (Yun et al., 1998b), evd yia v
emeavelokn avtidpaon vroroyiletoar amd TNV KAMON TOL TEWPAUATIKOD OloypELUUOTOS
Arrhenius, oty meployn 6mov eAéyywv unyaviopuds eivor ovti n avtidpaon. Ot tpoekbetikoi
ovvteleoTéG mpocapuolovtol oto mEpApatikd oedopéva. Ot cvvoplakéc cuvOnkeg mov
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epappoloviar oto mpdtLvmo pakpo-kKAipakag Pacilovior oOTIS TEWPOAUATIKEG CLVONKES
Aertovpyiog  Tov  aviidpootipa:  Ogppokpacia  £16680v, T =100°C, Ogppoxpocia
TOYOUET®V, Ty =75°C, Ogppoxpacio anddeong, Ts=139°C — 241°C, nigon, P=10 Torr ko
pon| 16660V Tov DMEAA ctov avtidpaotipa, Q. .. =2 sccm.

prec

Xy. I-1: Mukpoypagieg SEM empaveidv kat topdv vpeviov Al mov amotédnkav e Oeppoxpacicg 139°C (a,B),
198°C (y,8) and 227°C (&,07).

To duaypappa Arrhenius tng diepyaciag mapovotdletar oto Xy. I1-2, 6mov o pavpa
TETPAYOVO GUUBOALOVV TIG TEPAUATIKEG LETPNOELS KO Ol dVO KOUTVAEG TO. OTOTEAEGLLOTOL
TOV VTOAOYIGTIKOV TPOCOUOIDGE®MY. MOAOVOTL 0 SoY®PIGHOG HETAED TMV OLOPOPETIKAOV
Bepuokpaoctakmdv meploym®v eivor dvokorog (Jang et al., 1998), n avénon Tov pLOUOD
amdBeong péypt Toug 185°C pavepdvel 4Tt 6 avTh TNV TEPLOYN ELEYYOV UNYAVIGUOC Etvon 1)
avtiopaon. O kaBopiopods TV opiomv HETOED TMV dVO TEPLOYMY £lval KOVTE GTO £DPOS TOL
TOPOVCIALETOL GE TPONYOVUEVES epYacies, Omov ot uéyiotol pvBuoil andBeong petpodvtan o
Oeppokpacieg 150°C-160°C (Kim et al., 1996; Yang et al., 1998; Yun et al., 1998a). H
Srapopé Tov 20°C-30°C unopel vo omodobel otn StopopeTinh mEPOPATIKY SGTAEN KoL TIG
Aertovpyucég cvvOnikeg mov epappdlovion oTic epyacies avtés. Ave tov 185°C, o pududg
andBeong mopovstdlet wa pikpy wrmon. Heportépm avénon g Oeppokpaciag ctovg 240°C
oonYyel otV amdtoun TTOGT TOL PLOUOL aTdHECTG.
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e 0Tl 0POopA GTO. OMOTEAEGHOTO TNG VITOAOYIOTIKNG avdAvong, mapovstdlovial yio
V0 JAPOPETIKEG POEG ELIGOOOL TNG TPOSPOUNG EVOGNG GTOV AVTIOPOOTHPO, 2 ScCm (Lodpn
ypauun) kot 1.85 scem (Srakekopuévn ypouuny). H mpdtn tiur vroloyiletan vrobétovtag ot
n edtuon g mpdOpouUng Evong OTovV EEATHUCTNPO TPOYLOTOTOEITOL GE KOTAGTOOM
0epUOOVLVOLIKNG 1GOPPOTIOG KAl OTL 1) OY®YILOTNTO TOV COANVOGEMY TOL GLVOEOLV TOV
eCatotpa pe ™ {ovn andbeong etvan «amepny. o avtd n T TV 2 SCCM avTiototyel
0T0 OvOTATO Oplo pong G mpddpoung €veone oty €icodo Tov avtidpactipa. Ta
OTOTEAEGUOTO TG VTOAOYIOTIKAG OVAALONG HE OVTNH TNV TN PONG €10O00V 00NYOVV GE
VIEPEKTIUNGT TOL PLOUOL omdBeong oV TEPOY OOV EAEYYOV UNYOVIGHOG €lvar 1)

avtiopaon.
Ts(°C)

3.00 2141 2|21 2[01 1[81 1|61 1I41
T
E 2.75
£
£
w250
o}
[
D
E 225
E . =
p=1
8_ B [leipapankéc peTprioelg
G::’ 2.00 |- —— AmoTsAiopara TpooopoinTEwy-Qye.=25cCm
o - - - AmoteAéopaTa TpooopoIloEwy-Qpe=1.855ccm
£

175 1 1 1 1 1 1

0.0019 0.0020 0.0021 0.0022 0.0023 0.0024

1T (1/K)

Yy. M-2: To duypoppa Arrhenius g XAA tov Al and to DMEAA. Tlapovotdlovial ot TEWPUUATIKES
UETPNOELS (LOPOL TETPAYMVO) KOl ATOTEAEGUATO TG VTOAOYIOTIKNG ovAAVoNG (YPAUUES) Yo 30O dL0pOPETIKES
PO&G €16050V NG TPOSPOUNG EVOGTG.

IMa tov Adyo avtd, e€etdlovtor yaunAdTeEPEg TIHES PONG GO0V TNG TPOSPOUNG
Evoong otov avTdpactipa, oto gvpog 1.5 sccm — 1.95 scem. H koahdtepn yydtnra peta&y
TEPOAULOTIKOV OEGOUEVAOV KOl VITOAOYIGTIKOV OTOTEAEGUAT®OV TPOKVLTTEL YL POT EGOO0V
1.85 sccm. Onwg gaivetor oto Xy. 1-2, ot vtoloyiotikég TpoPAEYELS LE VTN TN POT} IGO0V
BeAtidvouv ) cHYKPIoN UE TO TEPALOTIKG O0EO0UEVA OTIG YoUNAES Beprokpacies, yopig va
mv ennpealovv onUavTiKd oTig vynAoTepeg Bepuokpaciec (Aviziotis et al., 2015).

H oAAayn g pong ei1c66ov Too DMEAA oyetiCeton pe tnv mocdtnta T0U 1o OTivel
OTO0. VTOCTPOUOTO Kot givor dwbéoun yoo v emeovelokn oviidpaon. Eivar yevikd
OmOOEKTO OTL GTNV TEPLOYN YOUNADV Beppokpacidv o puOudg andbeong eAEyyeTon amd TV
EMLPAVELNKN aVTIOPOOT, AVEEAPTNTA OO TNV TOCOTNTO TNG TPOIPOUNG EVMOONG TOV QTAVEL
oTNV EMEAVELN KOl LE TNV TTpoimdOeoT OTL 0 pLOUOC TPOPOSOGiaG Eivorl LEYAAVTEPOG OO TOV
pLOUd Katavdlmong. Oa avapevotav, Aowtdv, oty eEeTalopevn nepintmon, 0Tt 1 peimon
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™G PONG €GOS0V TNG TPOSPOUNG EVMoNGg 6ToV avTdpacTipa o emmpéale mepiocdtepo )
depyacio oTic VYNAOTEPEG BEpOoKpaTies.

[Mopora avtd, dev mpénel va moapayvopiletal 1o yeyovog OtL 1 depyacio amdBeong
mepthapPdvetl kot pia avtidpaon aéprag edong, n omoia Uropel Vo KOATOVOADVEL GTLOVTIKN
TOGOTNTA TNG TPOSPOUNG EVEOCS KON KOl GTNV TEPLOYN YAUNA®V Beppokpacidv. Xto Xy.
I1-3, mapovcidletarl to Beppoxpaciokd medio otov avtwdpactipa (Xy. I1-3a) kot o pvOuog
™m¢ avtidpaong aéplag eaong (Zy. I1-3B), 6tav n Oeppokpacio TOL VITOCTPOUOTOS Eivar
151°C. Amd 10 oyfua avtd @aiveror 6Tl M aviidpacn oépog @dong tov DMEAA
TPOAYLLATOTOLELTAL OYL LOVO KOVTE 6TO VIOGTP®MA, 6TTov 1 Oeppokpacio etvor 151°C addd ko
Kovtd otV &icodo tov avtidpactipa, otovc 100°C. Tvpmepaiveror 6Tt 0 puOUOG TG
avtidpaong aéprog eaomng eival TETO0G TOV KATAVOADVEL TNV TPOJPOUN £VOCT GTNV AéPLL
@aom, epumodilovtdg TV vo. ETACEL GTO VIOCTPMOO KOl VO, GUUUETAGYEL GTNV EMUPAVELOKTY|
avtiopoor.

Pobuog avridpaong

Xy. II-3: (o) To Beppoxpaciaxd nedio Tov avidpaoctipa kat (B) o puBudg g avtidpacng aépag eaong, 6tav n
Beppokpacio Tov vIooTpdpTOg givan 151°C.

Ot mpoPAéyelg TV VIOAOYIGTIKOV TPOGOUOIMCEMY TOPOVGIALOVV IKOVOTOUTIKY
CULPOVIL IE TIC TEPOPATIKEC PETPNOELS 6TO Deppokpacioxd svpog 139°C — 227°C. Qotdoo,
o vynAdtepeg Beprokpacies, TO TPOTLTO LOKPO-KAILOKOG OTOTLYYAVEL VO, TPOPAEYEL TOV
TEWPAPATIKE  peTpodpevo puBud amodbeong. To yevikevpévo oynuo ovIOPACE®V TOV
EVOOUATOVETOL OTO LOKPOGKOTIKO TPOTLTO Kot ot Kwvntikég Arrhenius mpmtng tééng mov
TEPLYPAPOVY TIG OVTOPACELS, 0ev AauPdvouy vrdyn Ttovg TPOcHETA QUVOpUEV, OTWOC O
OYNUOTICUOG EVOLAUECOV YNUK®OV €W0MV, UE OMOTEAECUO TNV amoTuyiot TPOPAEYNS NG
andtoung peimong tov pvlpov andbeong. Qo1d60, T0 TAPOV TPATLTO POKPO-KAILOKOG Elval
éykvpo oto Ogppokpactakd €dopog 139°C — 227°C, dmov umopovv vo kofopioTodv KOvEG
ouvOnkeg Asrtovpyiag yia ) depyacia g cvvandBeong e to Fe.
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Ot pokpockomikol voAoyopol mapéyovv to kKAdopato palog tov DMEAA oty
EMPAVELD, TOV VTOGTPOUOTOS, TO 0moio, TpoPodotodviar oto mpdtvmo KMC yua v
TPOYLLOTOTTOINOT TPOGOUOLDOEDY TOAMATADY YOPIKOV KAMUAK®V TG emipdvelog vueviov Al
KOl TOV DTOAOYIGUO NG TpayhTNTAC Toug. H mAnpogopia yio Tig EMQPOVEINKES YNUIKES
aviwpacelg oo DMEAA og emimedo vavo-kMPOKOG EVOOUOTOVETOL GTOV GUVIEAEGTN
npookOAANnong (sticking coefficient), so. H evooudtmon avty yiveton péow moALV®VOUIKNAG
TPOCUPUOYNAG TOV Sp OTO TEIPAUOATIKA JEO0UEVO Yo TOV puOud amdbeong ot didpopeg
Oepurokpaoies.

Y10 Xy. II-4, mopovcidletor n pilo péong teTpaymvikng amodkAiiong (root mean
square, RMS) g tpaydmrog tov vueviov Al mov aviiotoryel 6€ TEPAUOTIKEG UETPHOELS
(novpa teTpdyva) kot OeopnTikég TPOPAEYEIS HE TO TPOTLMO TOAAATADV YWOPIKOV
KMpakov (Aviziotis et al., 2016). Ot nelpopatikég HETPNOELS TPOYHOTOTOMONKAY HE TN
uébodo g ovuPoropetpiog (interferometry). H tpoydmrta RMS towv vupeviov Al mov
amotifevtan otn youniotepn Oepuokpacio (139°C) eivar vymAn (0.6 um). Mewdveton kadmg
avEdvetor 1 Ogppokpacio kar @Tével oy gldyom tun e, 0.15 pm, otovg 198°C.
[Tepartépw avénon g Bepuokpaciog dev emeépet petaforés oty tpaydtra. H tpaydmra
oyetiletal otV e TNV oAy TNG WKPO-O0UNG TV VUEVIWV. e Beprokpacieg KpdTeEPES
tov 150°C, ta amotiféueva vuévio dev eivar cuveyr kot omotelodvial amd S1EcTaPTOVG
KOKKOLG OVOLLOLOLLOPPOVS MG TPOG TO PEYEDOG TOVG, LE OMOTEAECSHO 1) TPOYVTNTA VoL glval
vynA. Avtifeta, n avénon g Beprokpaciog eVicyvEL TNV OUOONOPPIa TG LOPPOAOYING
NG EMPAVELNG KoL TN HelwoN TG TpadTNTOGS.

1.0

M Mzipapomkég YeTpAoelg
A YriohoyioTkég TTpoPBAEWEIS UE TO TIPGTUTIO
TIOMaTTAWY Xwpiiv kKhipdicwy

08 -

06

Tpayxurnra RMS (um)

02 ; T

0_0 1 1 1 1 |
130 150 170 190 210 230 250

T(°C)

Yy. I-4: EEEMEN g tpaydntog (RMS) vueviov Al pe tn Ogpuokpacio amdbeone, Ts. Ta amnotedéouata
AVTIGTOLYOVV GE TEPOUATIKEG LETPNOELS (Lovpa TETPAYOV) Kol Bempntiké TpoPAéyels (Tpdova Tpiymva).

Ta anoteAéoHOTO TOV TPOCOUOIDGEDV LUE TO TPOTLTTO TOAAATADY YOPIKMOV KAUAK®OV
TPoceyyilovv IKOVOTOMTIKA T TEPAUOTIKG dEdOUEVA. ALYOTEPO TKAVOTONTIKEG TPOPAEYELS
TPOKVTTOVY € VYNAdTEPEG Bepurokpacies, O6mov 1 TpayvINTa otabepomoteital. Avti 1
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amotuyio TpOPAeyng pmopel va oQeileTonl GTO OOPOUEPES HOVIELO TOL YPNOULOTOLEiTAL,
KoODC Kol otV EUPECT EVOMUATOOTN NG ynueiog otov ocuviedeotn mpookOAAnong. H
avantuén evog Tpotdmov mov Oa AapPdvel vTOYN ToL TV akpPP KpLoTaAAiky doun tov Al
Kol 0o EvomUaT®VEL TOUVES YNUIKEG AVTIOPAGELS OTNV ETPAVELN GE EMMESO VAVO-KAILOKOG
evoéyetor va d10pBmoel TV amOKMOT od T TEWPOUUOTIKA SEGOUEVA KO VO ETLTPEYEL TNV
TPOGOUOIMOTN  TMEPIGGOTEPMOV  EMPAVEINKDV  YOUPOKTNPIOTIKAOV, OT®OG O GYNUATIGUOG

Tptdotatev dopmv Al otny emdveia.

Qot660, 10 MOPOV TPOTLTO GULUPGAAEL OTNV  IKAVOTOMTIKY) TPOGEYYION NG
EMPOAVEIOKNG TPAYDTNTAG Kol ALTO UTOPEL VO EMTPEYEL TOV EAEYYO TOV TEMK®V 1010THTOV
tov vpeviov. Xto Xy. II-5 mapovoidleton m miektpikn avrtictaomn, Omwg petpnnke
TEWPAPATIKA (KOKKIVEG COOIPES) KOl EKTIUNONKE VITOAOYIGTIKA LE TN YPNOT TOV HOVIEAOV
Fuchs-Sondheimer (pavpeg ooaipeg) (FS model — Timalshina et al., 2015), oto omoio
€16ayeTOL 1 TPOYLTNTO TOV VITOAOYILETOL OO TO TPHTLTTO TOAAATADY YWPIKDOV KMpudkwv. To
Béhoc oto emimedo (X,y) deiyvel v katevBuvon advénong g tpaydmrog. To podpo kot
KOKKwva onpeia 010 eninedo (Y,z) Ko 1 urke KapmdAn deiyvouv v eEEMEN TG NAEKTPIKNG
avtiotoong pe v avénon g tpayvros. Omwg ¢oaivetal, 1 avtiotaon avEaveton pe
avénon mc RMS and 10 pQ.cm yuwo RMS 0.15 pm oe 80 pQ.cm yio RMS 0.6 um. H
TOPOTNPOVUEVN TACT TNG NAEKTPIKNG aVTIOTOONG OQEIAeETOL 0TV aVENUEVN OCTIOPA TV
NAeKTpOVI®V GE TPOYLEG EMPAVEIES, OV 0ONYEL OE OMUOVTIKN UEI®ON TNG Oy®YLOTNTOG
(Machlin, 2006).

80

@ NMapopankic perprigaig

@ YohopioTikEe TpOPAEWEIC
TpATUTTO TOATTALIY
HWPIKGIV KA KV

D
o

S
o

N
o

HAektpikr| avtiotaon (UQ.cm)

o

Yy. M-5: H nlextpikny ayoypotnra vueviov Al onwg petpndnke mepopatikd (kOkkiveg) oeoaipeg kot
EKTIUNONKE VTOAOYIOTIKA LE TO TPOTUNO TOALUTADY YOPIKDOV KAUAK®V (LOVPES GOAUIPES), G CLVAPTNCT TNG
TEPOLATIKNG KO VTOAOYIGTIKNG TPOYVTNTOC.

H extignon g mAekTtpikng avtiotoong He TN YPNON TOV TPOTVTOL TOAALUTAMV
YOPIKOV KAPAK®V kol Tov poviéhov FS eaivetor va mpooeyyilelt wkovomomtikd tnv
TEPOALATIKT TOAOT KOl TO TEPARATIKA Ogdopéva og amdAvteg Tipés. Kabdg n tpaydra
HEIOVETOL, 1 Opopd HeTAED TEPAUOTIKOV UETPNOEOV Kol Oempntikdv mpoPAEyewv
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avéavetor emedn to poviédo FS dev evoopat®dvel mAnpo@opieg Yoo YOPOKINPIOTIKE NG
EMPAVEIONG OV €VOEYETOL VO EmMpealovy TNV ayoyudtnta, mEpav ¢ TpayvTnTas. Ta
OOTEAECUOTO TNG MAEKTPIKNG OVTIOTAONG KOTAOEWKVOOLV TN onuacio. Tov  akpioig
VTOAOYIGHOU KOl EAEYYOVL TNG TPAYVLTNTOS €VOG LUEVIOV, KAODS HEG® OLTNG UTOPOVV Vo
ereyyBovVv o1 TEMKEG 1010TNTES TOVL.

It XAA vueviov Fe emidéyeton n tpddpoun Evoon iron pentacarbonyl (Fe(CO)s).
H emoyn tov cvykekpipévov mpodpopov Paciletor otnv ToAD LVYNAN TAOT ATUDV TOV GE
Oepuokpacio dopatiov Kot ot dvvatdTnTo. TOL ToPEXEL Yoo amdBeon oto 1010
Beppoxpactakd evpog mov amotifevrar vuévia Al. H mepapaticng Kot vroAoyloTiky avaivon
g dlepyaciog otoyevel otn diepedvnon g eEptTnong Tov pubpod andBeong Kot TG HKPO-
Soung tov vpeviov omd T Ogppokpacia oto Ogppoxpaciakd edpog 130°C — 250°C.
Emmpocbétmg, peretdror n coumepipopd tov pubpod andbeong cuvaptoet g tieons tov
avTpacTnpa, Yo evpog mécewv 10 — 40 Torr.

H XAA on6 1o Fe(CO)s éxel og amotédeopa v amdbeomn vueviov Fe mov pmopei va
nmepiEyovv kot ) @don FesC wc devtepevovca, kupiog oe vynlotepec Beppokpacies. Ta
vuévia Tapovcalovy GYETIKN KabopdtnTa, Le HKpES Tpooui&elg dvBpaka kot o&uydvov. H
popeoloyio twv vueviov, omwg mapatmpndnke oto SEM, mapovcialetor oto Xy. I1-6.
[Mopatnpeitor 6t1 ot yaunidtepn Oeppokpacio (Xy. I1-6a) amotibevtor acvveyn kot
OLVOLLOLOLLOPPOL DUEVLAL.

AR
ST

s
ORI

W —— 1um

Yy. I-6: Mwpoypapiec g empdavelag vueviov Fe, émog mopotnpndnkav oto SEM, yio Beppokpacieg
andBeong (o) 130°C, (B) 150°C, (y) 170°C, (§) 190°C, (g) 200°C kar (ot) 240°C. Emumiéov, mapovciélovia
Touég TV vuevioy Yo Oeppokpacieg amdOeong (§) 190°C ko () 200°C.
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Avénon g Oeppokpaciog otovg 150°C (Ty. I1-6B) odnyel oty avénon g
TUKVOTNTOG TOV LUEVIOV. Xg auTr T Ogppokpacia, T0 péyedog TV KPLOTAAL®Y Tapovctalet
avopoloyévela 0mwg poaiveton oto Xy. I1-6, 6mov o1 peyarvtepot kpvotariot Eeympilovv 6TO
SEM pécm potevotepng aviifeonc. Kadog 1 Oeppokposio avédvetar péypt tovg 190°C (Zy.
[1-6y kot §), TaPAYOVTOL GYNUATOTOUUEVOL, YOVIMOELS KPUGTOALOL, TO UEYeBog TV omoiwv
yivetar opowdpoppo. H mokvémto tov vpeviov kol 1) omovciot TopdOoovs OOUNG
emBePardvovior amd v Toun Tov Xy, I1-6¢. Qot660, 6ToVg 200°C (Ty. I1-6€) N Sopr o
TOV KPUOTOAA®V ybvetolr otadlokd Kot ovtikobiotator omd pio Peiovoedr), tuyaio
pop@odoyia, mov yivetar eviovotepn ce vymAdtepeg Oeppokpaciec (240°C — Xy, I1-601). H
popeoloyia avty, mov empPefardveTor Kot oty Toun Tov Xy. I1-6m, unopet va cuvdéetar pe

™V oOENGN TS TOPDOIOVG SOUNG TMV VUEVIOV.

o ™ poaxpookomikny mpotvmomoinon g depyaciog, 10 mPATLRO YMueiog TOL
e€etaletar yio v andbeon Fe and 1o Fe(CO)s, mepthapfavel 7 avtidpaoels aéplog eaong
Kot 3 emeavelokes. Ot TpMOTEG TEPLYPAPOLV TN GTAOINKY ATOAEWD LovoEediov Tov dvOpaka
(CO) amd t0 udP1o ™G TPOSPOUNG EVEOONG YO TO GYNUOTIGHO EVOIAUEC®V CUUTAOK®OV (Y10,
napaderyua, to Fe(CO)4 oymuoartiCetar 6tav yavetor évo CO and 1o Fe(CO)s). EmumAéov,
Aoppdvovy vdyn 10 cvvoévaoud tov evdldueowv €Wwv pe to CO* v mopdaderypo, o
ovvovacpog tov Fe(CO), pe éva popio CO odnyei otov oynuatiopd tov Fe(CO)s. Ta tig
avTIOPAGELG OTEG YpnoorolodvTat kivntikég Arrhenius, n téén T@v omoiwv vroyopedeToL
amd TN otoyewopetpion ¢ aviidpaons. Ot em@avelokés avtidpacels mTeEPLYPAPOVY TNV
andbson vueviov Fe, oty omnoia cvveispépovv 10 Fe(CO)s, 1o Fe(CO); xar to Fe(CO)
(Dateo et al., 2002; Jackman and Foord, 1989; Xu and Zaera, 1994). T 11¢ em@avelakég
aVTIOPACELS  YPMNOOTolovvVTaL  KivnTikég  tomov  Langmuir-Hinshelwood, vy v
TopeUTOdion ¢ amobeong and v mopovsio tov CO. Ot evépyeleg evepyomoinong TV
avtdpdoenv Topiyovral and Pipioypapikd dedouéva (Dateo et al., 2002; Gonzéles-Blanco
and Branchadell, 1999; Lewis et al., 1984; Seder et al., 1986; Xu and Zaera, 1994), evd ot
npoekbeTikol cuvteleotéc mpocappdloviar ota mepoapotikd dedopéva. Ot cuvoplakég
ocuvOnkeg mov e@apuolovial 6to TPOTLTO HoKPo-KApakag Paciloviol GTIG TEPOUATIKES
ouvOnkeg Aertovpyiac Tov avtidpacthipa: Oepuokpacio £16650v, Tee=25°C, Oepuokpacio
TOYOUATOV, T, =25°C, Oeppokpacio amdbeong, Ts=130°C — 250°C, micon, P=10 — 40 Torr
Kot pon| €16660v Tov Fe(CO)s otov avtidpastipa, Q... =0.7sccm.

prec

To Zy. I1-7 eivon to ddypappo Arrhenius g diepyaciog, 6mov pe povpo TeETpdymva
cLpuPoriloviol Ol TEPAUATIKEG HETPNOELS, EVMO 1M OLVEYNG KOUTOAN OVTIOTOWEL OTIg
Beopntikég TpoPréyets. O pvOBudg amdBeong Tov Fe avEdveton pe avénon g eppokpaciog,
péypt toug Ts=180°C* mpokettonr ywoo TV mEPLOY OMOVL EAEYYOV HNXOVIOHOS Eivol ot
EMPOVELKES ovTISpacelc. Mia petafotiky meployh mapotnpsitar oto gvpoc 180°C — 200°C,
omov 1 depyacio andBeong ennpedletol eEIcOV amd TIC EMUPAVELNKES AVTIOPAGELS KOt OO TOL
(QOVOLEVO LETOPOPAS. XE QLTI TNV TTEPLOYN O PLOUAS amdOeoNC PTAVEL GTN HEYIOTN TIUY| TOV,
60 nm/min, ctovg 200°C. e vyniotepeg Oepuokpacics M diepyacio eréyyeton amd o
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QOWVOUEVO HETOQOPAS Kot o puBudg amdbeong peidveror amdtopa. To meEpopoTIK
OTOTEAECUOTO EIVAL GE GUUPMOVIO LLE ATOTEAEGLLOTA TTOL £YOVV KaTOYPaPel otn PiAoypagio
(Carlton and Oxley, 1965; Lane and Wright, 1999; Lane et al., 1997; Senocq et al., 2006;
Zhang et al., 2016).

O1 BewpnTikég TpoPAEYELS HE TO TPOTVTIO PaKPO-KAIpaKOG BplioKovTal 6€ TOAD KOAN|
CLUQ®VIO PE TO TEPANATIKA ded0UéEVA, 6 OO TO Beppokpaciakd evpog mov e€etdleTar.
YUVETMG, UTOPOVLE VO, YPNCUYLOTOUGOVUE TV VITOAOYICTIKY] AVAALGT Y10l VO OLEPEVVIICOVLE
o aitioe TG TTdong Tov puduod amdbsong oe Bepuokpaciec peyoddvtepeg tov 200°C —
215°C.

T(°C)
250 230 210 190 170 150 130

4.0

36

32

W Nezpopankés peTprioeig
—— AmoTteAEopara TPOTOPOILOE WY

28

In PuBpou armrdéBeong (nm/min)

24 1 N 1 " | " | " 1 N 1 M 1
0.0019 0.0020 0.0021 0.0022 0.0023 0.0024 0.0025
1T (1/K)

Yy. I-7: To duypaupo Arrhenius g XAA tov Fe and to Fe(CO)s. ITapovsidlovial o1 TEWPUOTIKEG LETPOELS
(Lavpa TETPAY®VO) KOl ATOTEAECLLATO, TG VTOAOYICTIKNG AVAALONG (YPOUUES).

To Zy. II-8 mopovcidlet Tovg pvOUOVS OvTVOPAcE®Y 0€plag GAong, Otav 1
Oeppokpacio amddeong etvon 223°C xon 215°C (Zy. IM8a kot B, avticToya), Kotd URKog Hiog
oplOVTIOG YPOUUNG UNKOVS 160V HE TNG OKTIVOS TOV DTOGTPOUOTOS Kot 68 amdsTtacn 1 mm
v amd 10 vrodsTpopa. Ot avTOpAGEIS TOV PAIVOVTOL GTA JLOYPAULOTE OVTIGTOLYOVY OTN
dibomaon tov Fe(CO)s, Fe(CO)s a1 Fe(CO); mpog Fe(CO)4, Fe(CO); kar Fe(CO),,
avtiotoyyo, kabng kot otov cvvdvaoud tov Fe(CO), pe éva CO yia tov oynuotioud Tov
Fe(CO);. Ot vadromeg avtidpaoels aéplag PAacng xovv pndevikovg pubpove. Tapatnpeiton
OtL otV vynAdtepn Beppokpacio ot pvBupoi ddomaong g TPOOPOUNG EVMONG Kol TMV
EVOLAUES®V CLUUTAOK®V £lvatl VYNAOTEPOL IO TOVG avTioTOLXOVG PLOLOVG oe Beppokpacio
215°C. Tvvenmg, pewdvetol o kKAdopo patac tov Fe(CO)s (Zy. I1-8y) mov eivor Stadéoipo yio
™mv em@oavelokn avtidpacn. Avtifeta, 10 Kidoua palog tov Fe(CO); avdvetar otovg
223°C, o¢ amotéiespa Tov LYNAOTEPOL pLOOY dtdomacnc Tov Fe(CO)s oty aépia edo.
Avt 1 tdon yiveton evrovotept Kabdg to aéplo pelypa mpooeyyilel To VTOGTP®UA, OTOL Ol
Oepurokpaocieg tvar vynAoTepec, Kot TeEMKd odnyel ot peimon Tov pvOUoH amdBeong. To
kAo palag tov CO, 10 omoio mopdyetol amd TiG SCTAGELS THG TPOIPOUNG EVMONG KOt
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TOV EVOIAPES®V CLUTAOK®V NG, Tapovctaletal oto Xy. [1-80. Daivetal 6T1 6TV VYNAOTEPN
Oepuokpacio, mapdystor mepiocdtepo CO kdrtt t0 0omoio GLUPGAAEL GTOV KOPEGUO NG
EMPAVELNG TOL VTOGTPAOLOTOG KOl TNV TAPEUTOOIOT TNG Olepyasiog andfeons. AViOpAGELS
aéprog edomng cvpupaivouv pe yaunAotepovs puOUOVE aKOH Kot GTNV TEPLOYN OOV EALYY WOV

UNYOVICUOG EIVal Ol ETLPOVEINKES OVTIOPAGELC.

& %10 () T=223°C el IT) T,=215C
€ Fa(CO), — Fe(CO), + CO i= Fe(CO), — Fe(COY, + CO
= Al - = 40}‘10-;._ 5 4
0 4.0x10 Fe(C0O), — Fe(CO), + CO o Fe(C0), — Fe(CO), + CO
£ Fe(C0); — Fe(CO), + CO £ Fe(CO), — Fe(CO),+CO
E 2.0x10°F Fe(CO), +CO — Fe(CO), o 30x10° Fe(CO),+ CO — Fe(CO),
=
: :
W 2.0¢10°F S 20010°
: :
w0107 w 1.0x10°F
Na) -0
3 3
D o)
D:.’ 0.0k L I | =2 0.0 1 : L
0000 0005 0010 0015 0020 0025 0030 - 0000 0.005 0010 0015 0020 0025 0.030
OpigovTiaypappr (m) OpiZovTia ypaupr (m)
0.020 V) 0.00386
Fe(C0), -T,=223C (d)
0018 |-\Y ;=L .
0016 | Fe(CO), ~T =223 C o Sl — L=28C
w ====F5(C0), - T,= 215°C O o0.003821 T L=ae
2 0014} s = -
& : S oomssor
3 L1 000378
o
5 = 5 0.00376) -
=1
=1
‘g 0.0015 L g- 0.00374L
3 B 000372t
0.0010 |- :
S 0.00370,
0.0005 0.00368L -
0.0000 L 1 1 1 1 1 0.003660L 1 I 1 I 1 B
0000 0.005 0010 0015 0020 0025 0030 0000 0005 0010 0.015 0020 0025 0.030
OpigovTiaypappr (m) OpigovTiaypaupr (m)

Zy. II-8: O1 puluoi tov aviidploenv aéplog paong dtav n Oepuoxposio anddeong sivor (o) Ts=223°C ko (B)
T,=215°C. Mopovoidloviol ot pvBuoi didomacng tov Fe(CO)s (nodpeg ypoupés), tov Fe(CO), (kdkKiveg
ypoupég), tov Fe(CO)s (umhe ypauuéc) kot o puOuog g avtidpacng Fe(CO),+CO (mpdoiveg ypoppss). (v) Tao
KAGopata palog tov Fe(CO)s (navpeg ypoppés) ko tov Fe(CO)z (kokkveg ypappés) o Oeppokpaciss
andBeong T=223°C (cuveyeic ypappéc) kon T=215°C (Sroxexoppéveg ypappéc). (8) To khdona pagag tov CO
oe T=223°C (cvveyeic ypoppéc) kot T=215°C (S1oKkeKopUUEVES YPAUHEC).

> ovvérewn, oepevvdrtor n e&dptnomn tov puBuod amdbeong amd TV mieon TOL
avtwpaoctipa. o ) diepedhvnon avtn, n mieon petaPfdrAeTor o £vo OYETIKE TEPLOPIOUEVO
gvpog 10 — 40 Torr ko 1 Oeppoxposcio Stommpeiton otadepn otovg 180°C. Ta anoteAéopato
napovctdlovial oto Xy. I1-9, pe povpa teTpdymva Yo TIG TEWPOUOTIKES LETPNOELS KOl
npdowva. Tplyova yo tig Bewpntikég mpoPréyets. Tlapatnpeitor 6t 0 pLOUOS amdBeong
pewdveral amd 58 nm/min og 7 nm/min pe avénon g wieong and 10 Torr oe 40 Torr. H
aAlayn Tov pvBpov amdBeong cvvaptioel TG mieong mpoPAénetan pe axpifsi amd TO
TPOTLTTO LLOKPO-KAMLLOKOG.
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Xy, II-9: EEGptnon tov pubpov andbeong amd v mieon tov avtdpactipa. To amoTeAEGUATH AVTIGTOLYOVY GE
TEPOUOTIKEG LETPNOELS (LODPOL TETPAY®OVE) KOl VTOAOYIOTIKEG TTPOPAEYELS (Tpdoiva Tplymva).

Y10 Xy. I1-10, mapovoidlovtor ot pvbuoi didomacng tov Fe(CO)s ko tov Fe(CO)s
(Zyx. I1-100) kaBdC KoL 0 GVVTELEGTNG dldyVoNG WTOV TV dVo otoyeiov (Zy. I1-10B), yo
T1G OVO ToPATAvVE TEGES. Ot Tapduetpotl avtég vroloyiloviotl Katd puiKog pag optlovTiog
YPOUUNG UIKOLG 100V LE TNG OKTIVOG TOV VTOGTPAONATOG Kot 6€ amdstact 1 mm ndve and 1o
vrootpopa. [Hapatnpeiton 6t1 0 puOUOS dtdoraong tov Fe(CO)s kot tov Fe(CO)3 avéaveran
pe v awénon g mieons, e CLVETELD TV TTOGM ToL PpLOUOL amdbeong. Emmiéov, oto Xy.
I1-10B g@aivetar 611  avénon g mieong odnyel 61N Hel®ON TOL GLVIEAEGTY| O1dYVONG TOV
ovotatikdv Fe(CO)s kot Fe(CO)s. Xuvenmdg, m GLYKEVIP®ON TOV GTOWEIOV OLTOV OTO
VROGTPOLO Elval KPATEPT, LE OTOTEAEGHO O PLOUOC OTOOECTC VoL LELOVETAL GE VYNAOTEPES

TECELG.
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. 4.0x10'—_(,°?_}_ MidoTraon Fe(CO)s-P=10 Tor 0.0018 (B) Fe(CO)s-P=10 Tor
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Yy. II-10: (o) Or puOpoi dudomacng tov Fe(CO)s (navpeg ypoupég) kar tov Fe(CO); (koxkveg ypopuuéc) kot (B)
ot ouvtereotég dudyvong tov Fe(CO)s (pavpeg ypoppés) kot tov Fe(CO); (koxkveg ypoppés), yua méoeg P=10
Torr (cuveyeic ypopuéc) kou P=40 Torr (Srocexoppéveg ypopuéc). H Oeppoipoocio sivar stadepn otovg 180°C.
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To mpétvmo paxpo-kAipokoag mpoPAémel pe okpifelon v eEdptnon Tov pvOupod
andBeong amd T Ogppokpacia oto gvpoc 130°C — 250°C. H vmoloyiotiky] avéAvon
Katodeucvoel tL 0 puOpde omdBeong oe Oeppokpoocisc peyardtepeg twv 200°C peidvetar
LOY® tov owénuévov pubuov didoraong tov Fe(CO)s oty aépra edon kot Ady® KOPEGHOD
G EMPAVELNS TOV VRTOGTPOUATOV, Tov mopepmodileton amd 1o CO. Xg o011 agpopd Vv
eEdptnomn tov pvOUoY amdbeong amd TV Tieon, Ta BewpnTiKd amotelécpota Ppiokovtal o
oupe®Via LE TG TEpapaTIKéG petpnoets. H mtdon tov pubpod andBeong pe v avénon g
nieong opeiketor oty avénuévn aépia ddonoon tov Fe(CO)s kot Fe(CO)s kabdc kot ot
peimon Tov palikod GLVTEAESTY| dLdYLONG TOVG, OTMOC ATOdElYONKE HEG® TNG VTOAOYIGTIKNG
avéivonc. Ot Adyol mov odnyodv otn peimorn tov pvbpov amdbeong pe v avénon g
nieong ko g Oeppokpaciog Pplokoviar 6 GUUEOVIN LLE TPOTYOVUEVEG £PYACieS OTN
Biproypagio (Fau-Canillac and Maury, 1994; Lane et al., 1997; Zhang et al., 2016).

To khaopozo paog tov Fe(CO)s kot tov Fe(CO)s mov voroyilovtot and to TpdTLTO
LOKPO-KAILOKOG GTO EMIMEOD NG EMPAVELNS TOV VTOCTPOUATOV, TPOPOJIOTOVVIOL GTO
npodTvno KMC yioo TV mpayuatonoinen Tpocopoidce®mV TOAMATAGY YOPIKOV KApakov. H
TANPOPOPia TOV YPEWALETOL VIO TV TEPLYPOPY| TNG EMPAVELNKNG YNUElOG 6TO €mimedo ™G
VOVO-KMUOKOG EVOMUOTOVETOL GTOV GUVTEAESTH] TPOGKOAANGNG, OT®MG GLVEPN Kol oTNnV
nepintwon tov oahovpviov. Ot Bswpntikés mpoPréyelg (mpdotva Tpiywva) Kot Ot
TEPAUATIKEG LETPNOELS (LODPA TETPAY®VO) Y10 TV TPUYLTNTO TOV LUEVIOV Fe cuvaptioet
¢ Oepuokpacioc mapovoidlovror oto Xy. II-11. Ilepapatikd, n tpaydTa ALEAVETOL [E
avénon g Oepuoxpociag péypt tovg 150°C omd 0.67 um oe 0.75 pm ko 61N GLVEKELD
peidvetar povotove (0.48 pm) péypt toug 190°C. Mepoutépom ovénon g Oeppokpaciog
odnyel oe amdtoun peiwon g tpayvntog (0.34 pum), kabdg n popeoroyion Tov LUEVIOL
dwpopornoteitar (PA. Zy. I1-6). e vymlotepeg Oeppokpaciec 1 TPoLTNTA UELDVETOL
otadiokd ko tedtcd otadeponoteitar (0.16 um) oto svpog 230°C — 250°C.

1.0
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E 08 |- TIOAAOTTAWY XWPIKWY KAIPGKWY
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Xy II-11: E&EMEN g tpoyvtntag, RMS, vueviov Fe pe ) Oeppokpacio andbeong, Ts. Ta amoteréopata
AVTIGTOLOVV GE TEWPOATIKEG LETPHOELS (Lawpa TETPaymva) Kot Bemprticég TpoPréyelg (Tpdotva Tpiyova).
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Ot Bepntiéc TPOPAEYELS TOV TPOTHTOV TOAALUTADY YWPIK®OV KAMUAK®OV Ppiokoviot
GE UKOVOTOWTIKY] GUUPMVIC [E TO TEWPOpATIKE dedopéva. QoTtdc0, 6To £dpog 190°C — 200°C
ot poPAréyelg etvar Mydtepo akpifeic, Aoy® Tov OTL 1 AAAyY] TNG VOVO-UOPPOAOYING T®V
VUEVIOV OV TopoTNPEiTOL TEPANATIKE O AapPavetar vwOYN 610 TPOTLIO TOAALUTAMY
YOPIKOV KMUAKmV. e vynAotepeg Bepuokpaocies, n otabepomroinon g RMS npoPAiénetan
VIOAOYIOTIKG, KOOMDC G QT TNV TEPLOYN] Ol JOKVUAVOELS TWV YEYOVOT®V O1d(LONG TTOV
ocuoupdriovy ommv efoudAvvon g emedvelng, eivar pikpés. To mpdtumo TOAAATAMV
YOPIKOV KAUAK®OV Y100 TNV TPOCOUOIMGoT EMPAVEIDV VUeviov Fe emdéyetal PeAtidoewy,
®oTte Vo AapPavel voyn ™V okpip] KpLoTAALOYPaEIKY doun Tovs. Beltidoelg tétolov
TOMOV gVOEYETOL VO 0ONYNOOVY TN UEYOADTEPT aKpifela Tov BempnTik®dv TpoPAéyemv kot
GTNV TPOGOUOIMOT TEPIGGOTEPOV EMUPAVELNKDV YOUPOUKTINPIGTIKAOV, OTWOC O GYNUATIGHLOGC

GLGCOUATOUATOV.

Mg Bdon ™ depedvnon tov XAA yia andbeon vueviov Al ko Fe, epappoletar po
depyacio. cvvamdbeong tov Vo petdAlwv. o Vv mopaymyn TG TPOGEYYIGTIKNG
(approximant) @dong AlisFes, o1 cuykevtp®oelg TV 600 PETOAL®Y GTO VUEVIO TPEMEL VO
npoceyyilovv tov Adyo 13:4. H Ogppokpacio cuvamddeong opiletar stovg 200°C, 6mov yia
10 pev Al m XAA eléyyetor and to aivopeva LETaPopac, yia to de Fe n diepyacio Bpicketot
omn UeTaPOTIK) TEPLOYN, OTNV OMOi0L Ol EMPUVEINKEG OVTIOPACEIS KOl TO (POIVOUEVA
petapopdg eivar e&icov onuavtikés yio ™ XAA. Onwg €xel avapepOel mapondvem, Kol oTic
dvo diepyaciec mpaypaTOTOloVVIOL OVIWOPACELS aéplag @Aacels o€ OAo 10 eEetaldpevo
Ocppoxpociokd gvpog. H emroyn tov 200°C yia m diepyasio cuvanddeong otoxedel 6Tov
TEPLOPICUO TOV AVTIOPAGEMY OEPLAG PACNG, TOL UTOPOVV VO 0OMYNGOVV GE avemBOUNTEG
OAANAETIOPAoELS HETAED TOV TPOSPOLMOV EVAOCEWMV. XTI CLYKEKPWEVN Beppokpacia, Ta
vuevio, Al Topovstalovv vynAd pvBud amdBeonc, YoUnAn TPUXHTNTA KOl IKOVOTOUTIKNY
KEALY™M NG EMPAVELNS TOV VTOGTPMOUATOC. Avtifeta, 1 popporoyio twv vueviov Fe eival
Belovoeldng kot TOpMOOMG.

Katd ™ ovvandbeon, vdpoyovo (H,) mpootiBetar 610 0éplo peiypo £10680v GTov
aVTIOPACTNPO. XKOTOC €ival 1 LEPIKN AVAY®YT] T®V OEEWOOUEVOV EVOCEMV KOl KLPIwg 1M
avayaition g o&eidmong tov Al and 10 o&uydvo (O) mov mapdyetol and ™ S146TACT TOV
Fe(CO)s. To Zy. I1-12 mopovotdlel T GTOWELNKT OVAAVOT TOL VUEVIOL O ATOMKO EMITEDO
ocvvaptnoel g pong Hz oto petypa e16660v. H ototyelokn avaivon mpayuatonoteitan pe
uébodo g pkpoavaivong niektpoviov (EPMA) yio tov mpoodiopiopd tmv ototyeiov Al,
Fe, O ka1 C. TTapatnpeitar 611 otV mepintmon mov dgv ypnoonoteital Hy oto aépio pelypa
€16000V GTOV OVTWOPACTHPA, 1) CLGTOCT] TV OVO UETUAAMV OTO OMOTIOEUEVA LUEVIL
avtiotoryel og évav vobetikd Adyo 13:1.3, mov amokAivel onpovtikd ond to gembountd 13:4.
EmumAéov, to vpévia avtd mepiéyovv vymin ovykévipoon O (25%), n omoia guvoel tov
oynuatiopd o&edimv Kt epmodilel Tov oynuaticpo dopetodkodv edocwv. H mpoctnknm H;
dgv €xel peyddn emidpaon otov mePopiopd Tov O KaBDS T0 TEAELTOIO UEIMVETAL EAAPPDC
oto 18% otnv kolvtepn mepintmon. Qot1660, emdpd onuavtikd otov Adyo Al:Fe. Xg ot
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apopd otn XAA tov Al, to H; petatonilel v 16oppomia TG EXLPAVELIONKNG OVTIOPAGTC TOV
Al mpog katevBovon avtibetn oamd v amodbeon. Tavtoyxpova, eaivetar vo guvoel v
andBeon tov Fe, mbavidg Aoyw oynuaticpov vopoyovavhpdkwv mov amrocnovv to poplo CO
amd TV eMPEvelD. TUVETMG, UE TN peiwon g cvykévipwong tov Al ko v advénomn g
ovykévipmong tov Fe, o Adyoc twv Ov0 petdAhov Pertidveton oe 13:2.5, mov OpmC

eEaxorovBel va amokAivel amd 1o embounto 13:4.

10 5 |30 - 10
=
osf 125 g
_ ] -
| |

< . 420

0

6 i = 16
——
0 ] L] o =]
'_S-. [ ] _.15% 9\:
0 ™ L] 48]
B

= 4+ = O {40
1 [ |

< [ AlysFey " 110
<[

2 1s -2
ol 1 1 1 I | 1 0 Jo

0 5 10 15 20 25 30
Por H, oTto aépio peiypa eicédou (scem)

Xy. M-12: Etoyelokn aviloon € atopkd eminedo cvvaptnost g pong H, oto aépro peiypa eioddov otov
avVTIOPOoTNPO.

Ta cvvamotiBéueva vuévia anotehodvton and petaAiikd Al, Fe kot dpopea o&eida,
eved dev evtomilovior (@ACES OLUETOAMIKOV evdoemv. Ot vyniég ovykevipooelg O
KaO1oTOOV TNV TEPALTEP® SLEPELYNON TNG GLVATODECNG GE OVTEG TIG GLVONKES SVGKOAN.
Melrovtikd, Ba pmopovce va peletndei n cuvamdBeon oe youniotepes Beppokpacie Kot o€
cuvovaouo pe TN OBgpuikn Koatepyacio Tov vueviov. H mpotvmonoinom g depyaociog Oa
umopovce va fondncet avtn  diepedvnon.

[Tapodra avtd, Tapéyetal N EVOALAKTIKNY dlepyacio TG d1adoykng andeong twv dvo
petdAdwv. Katd ™ odpkela e o1ad0ytkng andfeomns, ot TpOSPOUES EVOGELS OEV EPYOVTOL
o€ Queon emaen HETAED TOVS KOl GUVETMS UELOVOVTOL Ol TOavOTNTEG 0mdOEo G LUEVIOV pE
vymiéc ovuykevipooelg O. H XAA tov Al mpaypoatomoteiton oe Oeppokpacio 180°C kar
nicon 10 Torr. H XAA tov Fe mpaypatonositon og Ogppokpacio 140°C wou wison 40 Torr. H
EMAOYN TOV CLYKEKPIUEVOV cLVONK®OV yivetar pe PAorm TNV TEWPAUATIKT KO VITOAOYIGTIKY|
avédivon mov Tmpoavaeépbnke kol oToYevEL ot Onuovpyic LHEVIOV e  LYNAES
ovykevipooelg Al, ono¢ oamarteiton omd ™ ovotaon g @aong AlisFes. TMepdpota
OdoYIKNG amOBECNC TPAYUATOTOOVVTOL GE VTOCTPMUATO YVUAOD Kot O010E€10i0V TOL
nopttiov (SiOZ). Amogedyetan 1 PN VIOGTPOUAT®V TLPLTIOV, S10TL UTOPEL VO 001 YNOEL
omv avartvén moprtdiov (silicides) tov cidnqpov. H dwadoyikn amdbeon axorovbeitar omd
OepLuKn KOTEPYOOSIO TOV VUEVI®MV YloL TNV €VIGYLON TNG AVTIOPACTIKOTNTOG HETAED T™V 600
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pHeTdAl®v mov pmopel va vmoPondncel TovV  GYNUOTICUO  SOUETOAAMK®DV EVOGEMV.
Tuykekpéva, 1 Ogppikn Kotepyacio mpoypotomoteitor 6tovg 575°C, 6mov £xet mapornpndsi
o oynuotiopog g edong AlisFe, (Haidara et al., 2012).

H gacpatookonio potoniektpoviov pe oktiveg X (XPS) ypnowomoteitor yio tov
YOPOKTNPIOUO TNG EMPAveLRS TV vueviov Al-Fe kat yio Tov mTocoTikd Tpocdlopioid g
OTOLEWKNG GVOTAONG OTO €MMESO NG eMPAveLS. Me Bdon avtég TIc HETPNOELS, O AOYOG
Al:Fe wwovton pe 13:4.3, tipun mov givol kovid otov 610)0 tov 13:4. To Xy. I1-13 amewcovilel
T XPS ¢dopata tov Fe 2p ot tov Al 2p omyv empdveln evog vueviov Al-Fe, mov
avantOyOnke pe ) diepyacio tng dadoyikng amdbeong otig Tapandve cuvinkes. To eaopo
Fe 2p (IT-130) mepiéyel povo pio Kopuen He HKPY LETATOTIOT MG TPOS TO PAGLO aVaPOpag
mov amodidetal og ovumhoko Al-Fe. ¥to edopo Al 2p (IT1-13b), n kopven ot 72.2 eV
avtiotoel o€ petodlko Al, evd ota 74.6 eV g 0&eido tov Al. T ocwtd vobétovpe Ot
OTNV EMPAVELD OVTOV TOV VUEVIOV LTTApYEL éva Aemtod otpmdpo o&gdiov tov Al, to omoio

oG dev emekteiveTanl 6To LIOAOUTO VUEVIO Kot OgV EMNPEALEL TO GYNUOTIGULO SOUETOAMKDV

eaoemv Al-Fe.
(a) (B) —  Yuéwo Al-Fe
Fe 2p — ®doua avagopdc Al
g — Yuévio AlFe g
b;_— — ®daoua avagpopds Fe b;_—
5 =
- -
= >
w w
1 1 1 1 " " n w "
714 712 710 708 706 704 78 77 76 75 74 73 72 71
Evépyeia ool (eV) Evépyeia deopol (eV)

Yy. II-13: To XPS gdopa evog vueviov Al-Fe. (a) To pdoua Fe 2p oe ohykpion pe 1o edoua avapopdc tov Fe.
(B) To pdopa Al 2p o cOykpion pe to eaopa avapopag Tov Al.

To Xy. I1-14 mapovoidletl o pdopo dtabraong axtivov X (XRD) evoc vueviov Al-Fe
v Tig id1eg ovvOnkeg amodbeonc. To edoua cuykpivetal pe o TpodTLIO PAco Tov AljzFes
nov mapExetan omd ™ Piproypaeio (Ellner, 1995; Grin et al., 1994). TTapatnpeitar 61t t0
TapoOV QACHO. TAPOLGIALEL IKAVOTOMTIKY GLUE®Via pe to mpdTuvmo ¢ PipAoypaeiog.
YVuyKeKPLEVO, Ol KOPLPEG oe YounAég yovieg 20, peta&y 20°-30°, pall pe Tic KopuEég
peydaing éviaong otig 40°-50° ko kdmoleg Kopupég kpdTepng évtaong oe peyaivtepeg 20
YOVIEG, lval YapaKTNPIOTIKEG TNG TPOGEYYIOTIKNG Pdong M-AlisFes. TTapatnpovvral, dpwmg,
Kot GAAEC KOPLOEC, OnmC Yia Toapddetypo og yovieg 38°-39° kot 50° mov amodidovian ot
edon AlsFe; kabmdg kot oe petaddikd Al Amd v Vmapén Sl0QOPETIKOV PACEDY
ovumepaivetor OTL 1 MUK ovotaon oto vuévio ogv glval opotopopen. o tov
TPOGOIOPICUO OLTAG TNG OHOOpopPiag ypnowomoteitar 1 péBodOg TG MAEKTPOVIKNG
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wkpookorniog otafepng déounc Siélevong (STEM) cuvdvaopévn pe ) QAGHOTOOKOTIO
evepyelakng dlaomopag (EDX).

A|13FE4
. .L__.kumm

1 " | L 1 L 1 " 1 " 1

0 20 40 60 80 100 120 140
MMwvieg 20 (7)

‘Evraon (a.u.)

Xy. II-14: To XRD ¢dopo evog vueviov Al-Fe, mov amoténke otig cuvlnkeg mov meptypdpoviar maparndve. To
TPOTLTO PACHLO 6TO KATM PEPOC TOV oyALaToC TapEyeTal oo t BipAoypapio (Ellner, 1995; Grin et al., 1994).

Ot mapamnproeig pe ™ péBodo STEM mapovoidlovtar oto Zy. I1-15. H pkpoypaeio
tov Zy. [I-150 amokaAdmTel Eva TOPMOES VIEVIO, GTO OT0i0 1 avApelEn TV 0VO UETAAA®Y
elval mAnpng. Qotdc0, emPefordveror OTL 1] GTOYEWKT] GVOTACT EIVOL AVOLOIOLOPOT KATA
unkog tov vueviov. o mwapdodetypa, oty ewkdva I1-158 @aiveron 6t mepiocdtepo and 10
50% xat’dyko tov Kat® uépovg tov vueviov (bottom) amoteheiton amd KPLOTAAAOLG
nAovoilovg oe Fe (Al(25)Fe(75) i Al(15)Fe(85) omwc petpinke and to STEM/EDX). Xt0
TV pEPOg Tov vueviov (top), o Fe peidvetor otadiakd péxplg 6tov 1 cvotooT YiveTol
opotopopoen. H ewdva I1-15y mapovotdlel T oTotyE0Kn XOAPTOYPAPNOY GTO TV LEPOG TOV
vpeviov. [apatnpodue Tt VEApYEL | OpoOHOPEN Katavoun kpvotddAilmv Al(75)Fe(25), mov
avtiotoyel ot ovotacn tov AlisFes. H ewova T1-158 mapovoialer ) yaptoypdenon 6to
pavpo tetpaymvo g I1-15y, oe vyniodtepn avaivon. Kovtd otovg mépovg tov vpeviov
uetpdrar vyniotepn ovykévipoon Al, mov oyetiletan pe v mapovosia tov O og owtd TO
onueia. H o&eidwon tov Al givar cuvnbiopévn oto kpAuatd Tov He To LETOAAN LETATTOONG
kot BpiokeTon o€ cvppovio pe Tic petpnoelg XPS, 6mov mapatnpnOnke €va emOAVEINKO
otpopa ofewiov tov Al Katd t oudpkeln ¢ Oegprukig KaTepyaciog TV LUEVI®V,
vrofétovpe Ot o1 dapetadlikég Al-Fe pdoeig oymuartiCovior Tpdto ot SEmPAveLn e TO
vnootpopo. H vrobeon ovt) emPePordvetor omd TG TOPATNPNOES HE TNV TE(VIKN
STEM/EDX, 6mov @aivetor 6t ot epumiovtiopévol pe Fe kphotodlhot cuyKeVIpdOVOVTOL 6N
SLETMPAVELD LE TO VITOGTPWLAL.
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Yy. M-15: (a) Mwcpoypagio tov vueviov Al-Fe. Xaptoypdenon STEM/EDX (B) oto kdtw pépog (kOKKvo
TETPhry®vo) Kot (y) 610 Thve pEPOG Tov vUEViov (kitpvo tetpdymvo). () STEM/EDX vynidtepng avdivong
GTO HOOPO TETPAYDVO TOV Y.

To Xy. I1-16 mapovoidlel v aviivon nAekTpovikng pikpookomiog diélevons (TEM)
evog vueviov Al-Fe. 210 két® oo tov vueviov o 600 HETOAN ival TANPOC AVOUELYUEVA,
EV® 010 TAve Wod evtomilovior evoliacooueveg mepoyéc Al kar Al-Fe, kdBetec oto
vootpopa (Zy. I1-160). H peyébuvon g diemodveiag petold tov nepoydv Al kar Al-Fe
(dompoc kOkAog oto Xy. II-16a) mapovcudletan oto Xy. II-16B. IMopatnpeitor évag
opBoymdviog kpvotorrog Al-Fe méyovg 180 nm, mov €xel avamtuybel mievpikd otV TEPLON
Al. H vynAr avélvoon tov kpuotdAlov avtod mapovcialetor 6to Xy. [1-16y. Méow Tov
LETACYNUOTIGHOD aVvTRG TG €wkovag pe t pébodo FFT (fast Fourier transform)
emPePardveTor 0 oynuUOTIOHOS TG @dong  mM-AlisFe,  kor  mpoodiopiloviar ot
KpvotoAkoypagucoi mapdapetpor a=15.49A, b=8.08A, c=12.48A, p=107.75°, mov Bpickovrat
oe ovugpwvio pe avrtiotoyo amoteléopoto g Piprloypapiag (Ellner, 1994; Grin et al.,
1995).
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Yy. I-16: (o) Topn TEM evog vpeviov Al-Fe. (B) Meyébuvon oty meproyf] mov kobopiletar and tov Gompo
k0KAo oto o. (Y) Ewovoa vyniig avéivong tov vavo-kpvotdiiov Al-Fe mov amewoviletar oto B. (3)
Metaoynuotiopog Fourier g swcdvag vy, o omoiog emPefardvel 1o oynuatiopd g edong m-AlisFe, kotd
unkog tov a&ova, [001].

¥t oULVEYElN, TO LUEVIOL OV TEPLEYOLV TNV TPOCEYYISTIKY @don mM-AlizFe,
doxpalovtatl yuo TIG KATOAVTIKEG TOVG 10TNTEG 0TN dlepyosio TG NUL-LOPOYOVOGNG TOV
axeTvAeviov. Ta KOTOALTIKO TEWPAUATO TPOYUATOTOLOVVTIOL GTO €EEOIKEVIEVO lvoTitovTO
IRCELYON, ot loAlio. Ot apyikéc PETPNGELS KATAOEWKVOOVV OTL 1| OPACTIKOTNTA TMOV
vueviov eivol mePLOPIGUEVN” G OAEG TIC TEPMTMOGEIS TOV dokiudlovTal, 1 LETOTPOTH TOL
akeTVAeviov o alBvAévio eivar moAD pkpn. H kokh amddoon tov vpeviov pmopel va
amodobel otV 0EeldmON TOLG, KOOMG Kol GTNV OVOUOLOMOPPio. TG GVOTUONG TOVG, OMMG
ot Tapoatnpndnke topandve. o ™ Peitioon g opolopopeiag 6tn 6VCTAGT, 0 XPOVOG
g Beprkng kotepyoaciog tov vpeviov mpémelt va avéndel. EmmAéov, n Peitioon g
TOPMOAIOLG dOUNG TV LUEVIMV Umopel vo Kotaotnosl v o&eidwon tovg dvokorodtepn. H
VTOAOYIOTIKT] OVAAVGT] TOAAOTADY YOPIKOV KAMUAK®OV uropel va fondnocel mpog avtiv v
Katevbuvon, HEC® TNG OlEPEVVIONG TNG TOPMAOVS OOUNG TOV OTOTIOEUEVOV VUEVIOV CE
OLUVAPTNON HE TIC AEITOVPYIKEG CLVONKEG.
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Dépbt chimique en phase vapeur d'Al, Fe et de la phase approximante Al;sFe,:
Expériences et simulations multi-échelles

loannis G. Aviziotis

Résumé étendu en Francais

La thése présente une étude combinée expérimentale et théorique du procéde de dépot
chimique en phase vapeur (CVD). Le but ultime est sa mise en ceuvre pour la formation
d'alliages complexes métalliques (complex metallic alloys — CMAS) et des composés
intermétalliques d'aluminium-fer (Al-Fe) sur des surfaces. En particulier, la possibilité de la
formation de la phase approximante AljsFe, est examinée, ce qui fournit des propriétés
multifonctionnelles a des matériaux avancés. Entre autres, Al;sFe; posséde des propriétés
catalytiques pour la semi-hydrogénation de I'acétyléne en éthyléne dans la production de
polyéthylene (Armbruster et al., 2012).

Parmi une gamme de techniques, le dépdt chimique en phase vapeur a partir de
précurseurs métallo-organiques (MOCVD) permet un dépdt conforme sur, et la
fonctionnalisation de, surfaces complexes, avec un temps de traitement court. Les métaux
déposés sont contenus dans des composés moléculaires nommeés précurseurs. Les vapeurs des
précurseurs sont produites et transportées par un gaz vecteur dans la chambre réactionnelle et
a la surface d'un substrat. Les précurseurs participent a des réactions dans la phase gazeuse et
a la surface. Le dépdt d’un film métallique se produit lorsque la quantité appropriée d'énergie
est fournie au substrat. La mise en ceuvre réussie d'un procédé MOCVD est basée sur la
sélection de précurseurs appropriés, la production de leurs vapeurs et leur transfert dans le
réacteur, le design du réacteur, et le contr6le des mécanismes impliqués dans le procédé.
Ceux-ci sont associés a l'inconvenient principal du procédé, a savoir le couplage complexe
entrela chimie et le transport.

La modélisation mathématique et informatique d’un procedé MOCVD est un outil
précieux pour l'étude de ces interactions complexes. De plus, la modélisation multi-échelle
permet I'étude des mécanismes qui se produisent a des échelles spatiales différentes. La
modélisation au niveau macroscopique (échelle macro) étudie les mécanismes au niveau du
réacteur. La validité est assurée par I'nypothese de continuum pour la conservation de la
masse, de la quantité de mouvement et de I'énergie, décrit par un ensemble d’équations
differentielles et non-lineaires. Ces équations sont résolues numériquement, en utilisant des
méthodes de calcul de dynamique des fluides, dans l'espace a trois dimensions dans des
conditions de régime transitoire ou permanent. La modélisation a 1’échelle macro inclut des
réactions homogenes dans la phase gazeuse et des réactions hétérogénes qui conduisent au
dépbt du film métallique. Les prédictions théoriques obtenues avec l'utilisation de méthodes
de calcul sont associés a la dépendance de la vitesse de croissance des films sur les
parametres operationnels du réacteur et ils fournissent des connaissances sur les mécanismes
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du dépdt MOCVD. Ainsi, ils contribuent & la détermination de "fenétres" opérationnelles
préférentielles et a l'optimisation et au contrdle du processus. La fiabilité d’un modéle est
assurée par une validation approfondie avec des mesures expérimentales. La modélisation a
I’échelle micro- ou nano- est nécessaire pour I'étude des processus de surface telles que
I'adsorption, la désorption et la diffusion des molécules ou des atomes. La liaison entre les
deux échelles, macro- et nano-, a savoir le développement d'un modele multi-échelle, est
effectuée par l'alimentation du modele nano avec des informations calculées
macroscopiquement. Il permet le calcul des caractéristiques de surface, telles que la rugosité
qui est associée aux propriétés finales des films. Dans ce cadre, les simulations
macroscopiques et multi-échelles fournissent un ensemble d'informations qui couvre la
totalité de la production du film, de la dépendance de la vitesse de dépdt et de I'épaisseur du
film sur les conditions opérationnels, a la microstructure du film et ses propriétés.

La mise au point du dép6t de la phase AlisFe, est subordonnée a I'étude des procedés
MOCVD des films unaires. Si une compatibilité globale (chimique, thermique, de transport)
est trouvée, le dépot simultané (co-dépot) ou le depbt séquentiel des constituants métalliques
peuvent étre réalisées. Des informations sont fournies par le diagramme Arrhenius du
procédé MOCVD de chaque métal qui montre la dépendance de la vitesse de croissance avec
la température. Le diagramme Arrhenius est le résultat des prédictions théoriques, validees
par des mesures expérimentales correspondant. Il permet de distinguer schématiquement des
régimes différents, chacun associé a un mécanisme de contréle du processus de dépot, que ce
soit la cinétique des réactions chimiques de surface (reaction-limited regime) a basse
température, ou le transport (diffusion-/mass transport-limited regime) a des températures
élevées, ou a des régimes intermédiaires. Pour les processus de co-dép6t ou de dép6t
séquentiel, la superposition des deux diagrammes d'Arrhénius de chaque métal a déposer
contribue a la détermination d'une "fenétre" opérationnel commune. Pour le co-dép6t, il est
généralement préférable d'opérer dans le régime cinétique. Dans ce régime, les mécanismes
qui prévalent sont attribués principalement a des réactions de surface. L'effet des réactions
homogeénes, qui peut conduire a des vitesses de décomposition élevées et des interactions
entre les précurseurs, est limitée. Cependant, pour certains précurseurs la réalisation de
réactions en phase gazeuse est inévitable dans toute la gamme des températures étudiee.
Ainsi, un processus commun peut étre effectué dans une fenétre de temperatures contenant
des régimes différents pour chaque précurseur. D'une telle maniére, le dépdt du premier
élément peut étre contrdlé par la concentration de la phase gazeuse réactive et le dép6t de la
deuxiéme par la température de dépét.

Dans ce contexte général, nous étudions la MOCVD de films d'aluminium (Al) et de
fer (Fe) et par la suite, le co-dép6t et le dép6t séquentiel des deux métaux. La modélisation
mathématique du procédé et les calculs sont réalisées a la School of Chemical Engineering,
National Technical University of Athens (NTUA) en Gréce, sous la supervision du Prof. A.G.
Boudouvis. La contrepartie expérimentale est effectuée dans le laboratoire Centre
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Interuniversitaire de Recherche et d'Ingénierie des Matériaux (CIRIMAT) de [I'Institut
National Polytechnique de Toulouse (INPT), sous la supervision des Drs. C. Vahlas et T.
Duguet.

Le dispositif expérimental est composé d’un réacteur MOCVD vertical et cylindrique,
avec des parois en acier inoxydable, qui offre la possibilité de fonctionner en mode parois
froides ou chaudes. La présence d'un grand porte-substrat a I'intérieur du réacteur permet le
dépot sur plusieurs substrats de surface 1 cm?. De plus, I'existence d'une douchette qui fait
face au porte-substrat améliore I'nomogénéisation de I'écoulement des gaz. Le dispositif
expérimental présenté a été testé avec succés pour la production de films unaires et
intermétalliques (Aloui et al., 2012; Krisyuk et al., 2011; Xenidou et al., 2007; Xenidou et
al., 2010).

Pour la modélisation mathématique d’un procédé CVD au niveau macroscopique, le
modele mis au point comprend la mise en place expérimentale du réacteur qui est discrétisé
en un maillage de cellules élémentaires. Chaque cellule représente un volume fini, dans
lequel les valeurs des variables calculées sont considérees stables. Les équations aux dérivées
partielles de la conservation de la masse, de la quantité de mouvement et d'énergie sont
résolues numériquement dans chaque cellule du maillage avec la méthode des volumes finis
(Boudouvis, 2010; Thompson et al., 1985; Versteeg et Malalasekera, 2007) et en utilisant le
logiciel commercial Fluent (Ansys 12.1 / Documentation Courant 2009).

Le modele nano est stochastique. Il est basé sur un algorithme de Monte Carlo
cinétigue (KMC) développé par Lam et Vlachos (2001). Les simulations a I'échelle
nanométrique sont effectuées par un code qui est écrit en C / C ++ et il geére trois types de
processus de surface: 1’adsorption, la migration (diffusion) et la désorption. Pour la
description des processus de surface pendant le dépot 1’approximation «solide sur solide»
(solid-on-solid approximation) est appliquée. Dans le modeéle, les interactions entre les
atomes de surface ne concernent que les premiers plus proches voisins (first-nearest
neighbors interactions — Gilmer et Benema, 1972). En premiere approche, un réseau cubique
simple est sélectionné, sans ignorer les structures fcc et bee et la texturation de I’Al et du Fe
((111) et (100), respectivement), expérimentalement.

La mise en relation des deux échelles est basée sur I'nypothese que la vitesse de
croissance reste inchangée, quelle que soit I'echelle a laquelle elle est simulée (Masi et al.,
2000). Les fractions massiques des espéces contribuant au depdt provenant du calcul
macroscopique sont introduites dans le modele kMC pour la simulation nano.

Pour la CVD de I’Al, le diméthyléthylamine alane (DMEAA) est sélectionné en tant
que précurseur. Le choix du précurseur est dicté par une pression de vapeur relativement
élevée a température ambiante et la possibilité de dépser des couches minces a des
températures relativement basses. Les expériences et I'analyse informatique du processus vise
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a éetudier la dépendance de la vitesse de croissance et de la microstructure des films sur la
température dans la gamme 139°C — 241°C.

La CVD d'Al a partir de DMEAA conduit a des films purs sans contamination au
carbone ou a l'azote. La microstructure du film est observée par microscopie électronique a
balayage (MEB). Des micrographies de surface et en coupe transverse des films sont
présentés sur la Fig. S-1, pour des températures correspondant a 139°C, 198°C et 227°C
(Aviziotis et al., 2015). Le dép6t a la température la plus basse (Fig. S-1a et b) montre des
grains dispersés sur la surface qui forment des morphologies rugueuses avec une mauvaise
uniformité et pas de continuité. Contrairement a ce cas, en augmentant la température (Fig.
S-1c et d, puis e et f) la densité du film augmente parce que les grains ont coalescé. La
mesure du gain de masse, en supposant la masse volumique de 1’Al massique, donne une
estimation de I'épaisseur de 907 nm (+ 90 nm) et 833 nm (* 90 nm) pour 198°C et 227°C,
respectivement, a comparer avec des mesures MEB de 873 nm (x 50 nm) et 804 nm (x 50
nm), respectivement. La comparaison des épaisseurs de film estimées par différence de masse
et mesurées sur MEB révele que, sauf pour les basses températures, les résultats sont
similaires parce que les films présentent une faible porosite, en dépit de la rugosité de la
surface observée.

Fig. S-1: Micrographies MEB de surface et en coupe transverse des films d’Al déposés a 139°C (a,b), 198°C
(c,d) and 227°C (e,f).

Pour la modélisation macroscopique, le dépét d'Al a partir de DMEAA comprend une
réaction en phase gazeuse et une réaction en surface pour la décomposition du précurseur.
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(Han et al., 1994; Kim et al., 1996; Xenidou et al., 2010; Yun et al., 1998b). Des cinétiques
Arrhenius de premier ordre sont appliquées pour ces réactions. L'énergie d'activation de la
réaction en phase gazeuse est fournie par la littérature (Yun et al., 1998b), tandis que celle
pour la réaction de surface est calculée a partir de la pente de la courbe d'Arrhénius
expérimentale, dans le régime cinétique. Les facteurs pré-exponentiels sont basés sur des
données expérimentales. Les conditions aux limites appliquées au modele macroscopique
sont baseées sur les conditions opérationnelles expérimentales: température d'entrée,
Ten=100°C, température de la paroi, Tpa=75°C, température de dépdt, T,=139°C — 241°C,
pression, P=10 Torr et débit de DMEAA a I'entrée du réacteur DMEAA, Q.. =2 sccm.

prec

Le diagramme d’Arrhenius du processus est présenté sur la figure S-2, ou les carrés
noirs représentent les mesures expérimentales et les deux courbes les résultats de simulations
informatiques. Bien que la séparation entre les différentes zones de température est difficile
(Jang et al., 1998), une augmentation de la vitesse de croissance jusqu'a 185°C montre que,
dans ce régime le mécanisme dominant est la cinétique. La détermination des frontieres entre
les deux régions dans la gamme représentée est similaire aux travaux précédents, ou les
vitesses de croissance maximales ont été mesurées a des températures de 150°C-160°C (Kim
et al., 1996; Yang et al., 1998; Yun et al., 1998a). La différence de 20°C-30°C peut étre
attribuée aux configurations géométriques et aux conditions expérimentales différentes. Au-
dessus de 185°C, la vitesse de croissance montre une légére baisse. A un dépét au-dela de
240°C conduit a la forte baisse de la vitesse de croissance.
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Fig. S-2: Le diagramme d’Arrhenius de la CVD d’Al a partir de DMEAA. Le diagramme montre des mesures
expérimentales (carrés noirs) et des résultats des calculs (courbes) pour deux flux de DMEAA différents.

En ce qui concerne les résultats calculés, deux flux de DMEAA différents sont
présentées, 2 sccm (ligne noire) et 1.85 sccm (ligne pointillée). La premiere valeur est
calculée en supposant que I'évaporation du précurseur dans le bulleur est réalisée a I'état
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d'équilibre thermodynamique, et que la conductivité de la canalisation reliant le bulleur vers
la zone de dépdt est infinie. Pour cela, la valeur de 2 sccm correspond a la limite maximale
d'écoulement du précurseur a I'entrée du réacteur. Ce débit conduit a une surestimation de la
vitesse de croissance dans le régime cinétique.

Par conséquent, plusieurs débits d'entrée du précurseur sont considérés dans la gamme
de 1.5 sccm — 1.95 sccm. La meilleure comparaison entre les données expérimentales et les
résultats des calculs est obtenue pour un débit de 1.85 sccm. Comme on le voit sur la Fig. S-
2, les prédictions théoriques avec cette valeur améliorent la comparaison avec les mesures
expérimentales & des température basses avec un petit effet a des températures plus élevées
(Aviziotis et al., 2015). La modification du débit d'entrée de DMEAA est associée & sa
dégradation avant d'atteindre les substrats, le rendant indisponible pour la réaction de surface.
Il est généralement admis que, dans le régime des basses températures, la vitesse de dép6t est
contr6lée par la réaction de surface, a condition que la vitesse d'alimentation soit supérieure a
la vitesse de consommation. Par suite, on pourrait s'attendre a ce que la réduction de
I'écoulement du précurseur dans le réacteur aurait eu un effet plus important a des
températures élevées.

Cependant, il ne faut pas oublier que le procédé de dépdt implique une réaction en
phase gazeuse, qui peut consommer une quantité de précurseur significative, méme a basses
températures. La Fig. S-3 présente le champ de température dans le réacteur (Fig. S-3a) et la
vitesse de réaction en phase gazeuse (Fig. S-3b), lorsque la température du substrat est de
151°C. Il apparait que la réaction en phase gazeuse de DMEAA se produit non seulement a
proximité du substrat, ou la température est élevée, mais aussi prés de I'entrée du réacteur, a
100°C. On en conclut que la vitesse de la réaction en phase gazeuse est telle qu'elle
consomme le précurseur et I'empéche d'atteindre le substrat, diminuant ainsi la quantité
disponible pour la réaction de surface.

Les prédictions théoriques sont en bon accord avec les mesures expérimentales dans
la gamme 139°C — 227°C. Cependant, a des températures plus élevées, le modele
macroscopique ne parvient pas a prédire les vitesses de croissance mesurées
expérimentalement. Le schéma réactionnel généralisé qui est incorporé dans le modeéle et les
cinétiques Arrhenius de premier ordre ne prennent pas en compte les effets supplémentaires,
tels que la formation d'espéces chimiques intermédiaires. Ainsi, le modele ne peut pas prévoir
la réduction abrupte de la vitesse de depot. Cependant, le modéle est valide dans la gamme
139°C — 227°C, ou les conditions opérationnelles communes peuvent étre déterminées pour le
procédé de co-dép6t avec le Fe.
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Fig. S-3: (a) Le profil des températures du réacteur et (b) la vitesse de réaction en phase gazeuse, lorsque la
température du substrat est de 151°C.

Les calculs macroscopiques fournissent les fractions massiques de DMEAA a la
surface du substrat. Ces fractions massiques sont ensuite fournies a l'algorithme kMC pour
effectuer des simulations multi-échelles et calculer la rugosité de surface. Les informations
pour les réactions chimiques de surface de DMEAA au niveau nano sont incorporées dans le
coefficient de collage, so. Cette incorporation est réalisée par une régression polynomiale de
so des mesures expérimentales de la vitesse de croissance en fonction de la température.

La figure. S-4 montre la rugosité quadratique (root mean square, RMS) des films
d’Al pour les mesures expérimentales (carrés noirs) et les prédictions théoriques avec le
modele multi-échelle (triangles cyans) (Aviziotis et al., 2016). Des mesures expérimentales
ont été réalisées par interférométrie optique. Les films d’Al déposés a la plus basse
température (139°C) présentent une rugosité élevée (0.6 pm). Elle diminue lorsque la
température augmente et atteint sa valeur minimale de 0.15 pm, a 198°C. L’augmentation de
la température conduit a la stabilisation de la rugosité. La rugosité RMS est étroitement liée a
la variation de la microstructure des films. A des températures inférieures a 150°C, les films
déposés ne sont pas continués et sont constituee de grains disperses de tailles inégales, et la
rugosité est élevée. Au contraire, l'augmentation de la température améliore I'uniformité des
films et la rugosité diminue.

Les résultats des simulations multi-échelles sont en bon accord avec les mesures
expérimentales. L’accord est moins bon & des températures plus élevées, ou la rugosité se
stabilise. Cette défaillance peut étre due a I'application d’un modeéle grossier (coarse-grain) et
sur l'incorporation de [I’information chimique dans le coefficient de collage. Le
développement d'un modele qui représentera la structure cristallographique exacte de I’Al et
inclura explicitement des réactions chimiques en surface au niveau nano peut améliorer
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I’accord modeéle-expériences. |l pourrait aussi permettre la simulation de plusieurs
caractéristiques de surface, telles que la formation de structures 3D d'Al sur la surface.

1.0

M Mesures expénimentales
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Rugosité RMS (um)
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Fig. S-4: La rugosité (RMS) de films d’Al en fonction de la température, T,. Les carrés noirs correspondent a
des mesures expérimentales et les triangles cyans a des prédictions théoriques.

Cependant, le modele présenté se rapproche bien de la rugosité de surface. Donc, il
peut permettre le contrdle des propriétés finales du film. La Figure. S-5 présente la résistivité
électrique mesurée expérimentalement (sphéres rouges) et évaluées par des calculs en
utilisant le modele Fuchs-Sondheimer (spheres noirs) (modeéle FS -. Timalshina et al., 2015),
dans lequel la rugosité requise est calculée par le modele multi-échelle. La fleche dans le plan
(x,y) indique la direction d'augmentation de la rugosité. Les points noirs et rouges dans le
plan (y,z) et la courbe bleue montre I'évolution de la résistivité électrique en augmentant la
rugosité. Comme on le voit, la résistivité est augmentée en augmentant la RMS de 10 uQ.cm
a 0.15 um a 80 uQ.cm a 0.6 um. La tendance observée de la résistivité électrique est attribuée
a la diffusion des électrons dans une microstructure associée a une surface rugueuse; ce qui
conduit a une réduction significative de la conductivité (Machlin, 2006).

L'estimation de la résistivité électrique avec I'utilisation du modele multi-échelle et le
modele FS semble étre en accord satisfaisant avec les mesures expérimentales. Comme la
rugosité diminue, la différence entre les mesures expérimentales et les prédictions théoriques
est augmenté parce que le modéle FS, sauf pour la rugosité, ne comporte pas d'informations
sur les caractéristiques des films qui peuvent affecter la conductivité. Les résultats de la
résistivité électrique démontrent I'importance du calcul précis de la rugosité, puisque grace a
son contrdle les propriétés finales du film peuvent étre pilotées.
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Fig. S-5: La résistivité électrique d’Al expérimentale (sphéres rouges) et théorique (spheres noirs) en fonction
de la rugosite.

Pour la CVD du Fe, le fer pentacarbonyle (Fe(CO)s) est sélectionné en tant que
précurseur. Le choix est basé sur sa pression de vapeur qui est trés élevée a la température
ambiante et la possibilité d'effectuer des dépdts dans la méme gamme de température que
I’Al. Les expériences et la simulation du process vise a étudier la dépendance de la vitesse de
croissance et de la microstructure des films sur la température dans la gamme 130°C — 250°C.
De plus, le comportement de la vitesse de croissance en fonction de la pression est étudié
dans la gamme 10 — 40 Torr.

La CVD a partir de Fe(CO)s conduit a des films de Fe qui peuvent contenir FesC
comme phase secondaire, le plus souvent a des températures plus élevées. Les films sont
relativement purs, avec une faible contamination par le carbone et I'oxygene. La morphologie
des films, comme on l'observe au MEB, est présentée dans la Fig. S-6. On observe que, a la
température la plus basse (Fig. S-6a) des films discontinus avec une mauvaise uniformité sont
déposées. L augmentation de la température a 150°C (Fig. S-6b) entraine une augmentation
de la densité des films. A cette température, la taille des grains n’est pas homogéne comme le
montre la Fig. S-6b, ou émergent des grains plus gros (contraste lumineux). Lorsque la
température augmente jusqu'a 190°C (Fig. S-6¢ et d), des grains anguleux et facettés sont
formés avec une taille apparemment homogeéne. La densité des films s’améliore, et I'absence
de porosité est confirmée sur la coupe transverse de la Fig. S-6g. Cependant, a 200°C (Fig. S-
6F) la morphologie des grains anguleux et facettés est atténuée. Elle est progressivement
remplacée par une morphologie aciculaire jusqu’a 240°C (Fig. S-6f). Cette morphologie est
confirmée par la coupe transverse de la Fig. S-6h. Il peut en résulter une augmentation de la
porosité des films.

Pour la modélisation macroscopique du procédé, le modéle chimique inclut 7
réactions en phase gazeuse et 3 réactions de surface. Les premiéres décrivent la perte
successive de monoxyde de carbone (CO) par la molécule de Fe(CO)s pour former des
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espéces intermeédiaires (par exemple, Fe(CO), est formé lorsqu’un carbonyle est perdu par le
Fe(CO)s). De plus, les réactions en phase gazeuse sont responsables de la recombinaison des
espéces intermédiaires avec du CO; par exemple, ’association de Fe(CO), avec une molécule
de CO conduit a la formation de Fe(CO)s. Pour ces réactions, la cinétique d'Arrhenius est
appliquée, dont l'ordre est déterminé par la steechiométrie de la réaction. Les réactions de
surface décrivent le dépdt de films Fe, dans lequel Fe(CO)s, Fe(CO)3 et Fe(CO) contribuent
(Dateo et al., 2002; Jackman et Foord, 1989; Xu et Zaera, 1994). Une cinétique de type
Langmuir-Hinshelwood est appliquée pour les réactions de surface en considérant I'inhibition
du dépdt par la contamination de surface par les COqqs. Les énergies d'activation sont fournis
par la littérature (Dateo et al., 2002;. Gonzéales-Blanco et Branchadell, 1999; Lewis et al.,
1984; Seder et al., 1986; Xu et Zaera, 1994), tandis que les coefficients pré-exponentielle
sont ajustés aux données expérimentales. Les conditions aux limites appliquées au modele
macroscopique sont basées sur les conditions de fonctionnement du réacteur expérimental :
température d'entrée, T.,=25°C, température de parois, Tp=25°C, température de dépdt,

Ts=130°C — 250°C, pression, P=10-40 Torr, et débit d'entrée de Fe(CO)s, Q... =0.7 sccm.

prec

Fig. S-6: Micrographies MEB de la surface de films de Fe déposés a (a) 130°C, (b) 150°C, (c) 170°C, (d) 190°C,
(e) 200°C et (f) 240°C. Deux coupes transverse de Fe déposé a (g) 190°C et (h) 200°C.

La Fig. S-7 est le diagramme d’Arrhenius du procédé, ou les carrés noirs représentent
les résultats expérimentaux et la courbe solide correspond aux prédictions théoriques. La
vitesse de croissance de Fe augmente lorsque la température augmente, jusqu'a Ts=180°C;
c'est le régime ou les cinétiques des réactions de surface contrélent le processus global. Un
régime de transition est observé dans la gamme 180°C — 200°C, ou le processus de dépdt est
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affecté également par des réactions de surface et les phénomeénes de transport. Dans ce
domaine, la vitesse de croissance atteint sa valeur maximale, 60 nm/min, a 200°C. A des
températures plus élevées, le procédé de dépot est controlé par les phénomenes de transport et
la vitesse de croissance diminue fortement. Les résultats expérimentaux sont en accord avec
les résultats rapportés dans la littérature (Carlton et Oxley, 1965; Lane et Wright, 1999; Lane
et al., 1997; Senocq et al., 2006; Zhang et al., 2016).

Les prédictions théoriques avec le modele macroscopique sont en trés bon accord
avec les mesures expérimentales dans toute la gamme de températures. Par conséquent, on
peut appliquer nos calculs pour étudier la diminution de la vitesse de croissance a des
températures supérieures a 200°C — 215°C.
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Fig. S-7: Le diagramme d’Arrhenius du dépot CVD de Fe a partir de Fe(CO)s. Le diagramme montre les
mesures expérimentales (carrés noirs) et les résultats des calculs (courbe solide).

La Fig. S-8 montre les vitesses des réactions en phase gazeuse lorsque la température
de dépot est de 223°C et 215°C (Fig. S-8a et b, respectivement). Les vitesses sont calculées
sur une ligne horizontale égale au rayon du porte substrat et situé a 1 mm au-dessus. Les
réactions montrées dans les schémas correspondent a la décomposition de Fe(CO)s, Fe(CO)4
et Fe(CO); pour la formation de Fe(CO);, Fe(CO)s et Fe(CO),, respectivement, et a la
combinaison de Fe(CO), avec une molécule de CO pour former Fe(CO)s. Les autres réactions
en phase gazeuse ont des vitesses négligeables. On observe que, a la température la plus
élevée, les vitesses de décomposition du précurseur et des complexes intermédiaires sont plus
élevées que les vitesses correspondantes a 215°C. Par conséquence, la fraction massique de
Fe(CO)s, qui est disponible pour la réaction de surface, diminue (Fig. S-8c). Au contraire, la
fraction massique de Fe(CO); augmente a 223°C, a cause de la vitesse de décomposition
élevée de Fe(CO)s a cette température. Cette tendance devient plus prononcée que le mélange
gazeux se rapproche du porte-substrat, ou les températures sont élevées, et finalement conduit
a la réduction de la vitesse de dépdt. La fraction massique de CO, qui est produite par les
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décompositions du précurseur et ses complexes intermeédiaires, est présentée sur la Fig. S-8d.
Il apparait qu'a des températures plus élevées, plus de CO est produit, ce qui contribue a la
saturation de la surface du substrat et inhibe le processus de depdt. Les réactions en phase
gazeuse se produisent aussi dans le régime cinétique avec des vitesses inférieures.
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Fig. S-8: Les vitesses des réactions en phase gazeuse lorsque la température de dépot est (a) 223°C et (b) 215°C.
La décomposition de Fe(CO)s est notée avec les courbes noirs, de Fe(CO), avec les courbes rouges, de Fe(CO);
avec les courbes bleues et 1’association de Fe(CO),+CO avec les courbes vertes. (¢) Les fractions massiques de
Fe(CO)s (courbes noirs) et de Fe(CO); (courbes rouges) a T,=223°C (courbes solides) et T;=215°C (courbes en
pointillés). (d) La fraction massique du CO a T,=223°C (courbes solides) et T,=215°C (courbes en pointillés).

On étudie maintenant, la dépendance de la vitesse de croissance de Fe avec la
pression du réacteur. Pour cette étude, la pression varie dans une gamme relativement étroite
de 10 a 40 Torr, et la température est maintenue a 180°C. Les résultats sont présentés sur la
Fig. S-9, ou les carrés noirs correspondent a des mesures expérimentales et les triangles cyans
a des prédictions theoriques. On observe que la vitesse de croissance diminue de 58 nm/min a
7 nm/min en augmentant la pression de 10 Torr a 40 Torr. La variation de la vitesse de
croissance en fonction de la pression est prévue avec précision par le modéle macroscopique.
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Fig. S-9: La dépendance de la vitesse de croissance sur la pression du réacteur. Les résultats correspondent & des
mesures expérimentales (carrés noirs) et a des prédictions théoriques (triangles cyans).

La Fig. S-10 présente les vitesses de décomposition du Fe(CO)s et du Fe(CO); (Fig.
S-10a) et les coefficients de diffusion de ces deux espéces (Fig. S-10b) pour les pressions de
10 et 40 Torr. Ces parametres sont calculés sur une ligne horizontale égale au rayon du porte
substrat et situé a 1 mm au-dessus. On observe que les vitesses de décomposition du Fe(CO)s
et du Fe(CO); augmentent lorsque la pression augmente, avec une diminution ultérieure de la
vitesse de croissance. De plus, la Fig. S-10b montre que I'augmentation de la pression conduit
a la réduction des coefficients de diffusion des espéces Fe(CO)s et Fe(CO)s. Par conséquent,
la concentration de ces éléments a la surface du substrat est plus faible, et la vitesse de
croissance diminue a des pressions supérieures.
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Fig. S-10: (a) Les vitesses des décompositions du Fe(CO)5 (courbes noirs) et du Fe(CO)3 (courbes rouges) et
(b) les coefficients de diffusion du Fe(CO)5 (courbes noirs) et du Fe(CO)3 (courbes rouges) a des pressions de
P=10 Torr (courbes solides) et P=40 Torr (courbes en pointillés). La temperature est maintenue a T,=180°C.

Le modeéle macroscopique prédit avec précision la dépendance de la vitesse de
croissance dans la gamme de température 130°C — 250°C. L'analyse des résultats des calculs
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indique que la vitesse diminue a des températures supérieures de 200°C en raison de la
vitesse de décomposition augmentée de Fe(CO)s en phase gazeuse et & cause de la saturation
de la surface du substrat qui est inhibée par le CO,gs. Pour la dépendance de la vitesse de
croissance avec la pression, les prédictions theéoriques sont en accord avec les mesures
expérimentales. La diminution de la vitesse a des pressions élevées est attribuée a
l'augmentation de la décomposition en phase gazeuse de Fe(CO)s et de Fe(CO); et a la
réduction de leur coefficients de diffusion. Les causes de la réduction de la vitesse de
croissance a des pressions et des températures élevées démontrées ici sont similaires aux
résultats de publications antérieures (Fau-Canillac et Maury, 1994; Lane et al., 1997; Zhang
etal., 2016).

Les fractions massiques de Fe(CO)s et de Fe(CO)s, qui sont calculées
macroscopiquement a la surface du substrat, sont introduits dans l'algorithme kKMC pour
effectuer des simulations multi-échelles. La chimie de surface a I'échelle nanométrique, est
incorporée dans le coefficient de collage, comme pour le cas de I'Al. Les prédictions
théoriques (triangles cyans) et les mesures expérimentales (carrés noirs) de la rugosité des
films de Fe en fonction de la température, sont présentées sur la Fig. S-11.
Expérimentalement, la rugosité augmente avec la température jusqu'a 150°C, de 0.67 um a
0.75 pum. Ensuite, elle diminue de fagon monotone (0.48 pum) jusqu'a 190°C. Au-dela, on
observe une forte réduction de la rugosité (0.34 um), car la microstructurechange (voir Fig. S-
6). A des températures plus élevées, la rugosité diminue progressivement et se stabilise (0.16
um) a 230°C — 250°C.
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Fig. S-11: La rugosité (RMS) de films de Fe en fonction de la température, T. Les carrés noirs correspondent &
des mesures expérimentales et les triangles cyans a des prédictions théoriques.

Les prédictions théoriques avec le modele multi-échelle sont en bon accord avec les
mesures expérimentales. Cependant, dans la gamme 190°C — 200°C les prédictions sont
moins précises, parce que le changement de nano-morphologie des films, qui est observé
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expérimentalement, ne peut pas étre capturé par le modéle multi-échelle. A des températures
plus élevées, la stabilisation de la rugosité RMS est prévue, étant donné que dans cette région,
les fluctuations des événements de diffusion, qui contribuent au lissage de la surface, sont
faibles. Le modele multi-échelle pour les simulations des surfaces de Fe peut étre amélioree
afin de prendre en compte sa structure cristallographique exacte. Les améliorations de ce type
peuvent conduire a une plus grande précision des préedictions théoriques; ils pourraient aussi
permettre la simulation de plusieurs caractéristiques de surface, telles que la formation des
grains.

Sur la base de I'étude des depbts CVD de films unaires d’Al et de Fe, un procédé de
co-dépdt des deux métaux est appliqué. Pour la production de la phase approximante Al;sFe,,
les concentrations de ces deux métaux dans le film devrait approcher le rapport de 13:4. La
température de co-dépot est fixée a 200°C, ol la CVD d’Al est contrdlée par les phénoménes
de transport et le procéde correspondant de Fe se situe dans le régime de transition. Comme il
est mentionné ci-dessus, dans les deux procédés des réactions en phase gazeuse se produisent
a toutes les températures. La sélection de 200°C pour le processus de co-dépdt vise a limiter
les vitesses des réactions en phase gazeuse, ce qui peut conduire a des interactions
indésirables entre les deux précurseurs. A cette température particuliere, les films d’Al
montrent une vitesse de croissance élevee, une faible rugosité et une bonne couverture de la
surface du substrat. Au contraire, la morphologie des films de Fe est aciculaire et poreux.

Au cours du co-dép6t, de I'nydrogéne (H,) est ajouté au mélange gazeux entrant dans
le réacteur. L'objectif est la réduction partielle des composés oxygénés et plus
particulierement, la limitation de l'oxydation d'Al par l'oxygéne (O) produit par la
décomposition du Fe(CO)s. La Fig. S-12 présente I'analyse élémentaire du film en fonction
du flux de H, dans le mélange gazeuse. L'analyse élémentaire est réalisée grace a une
microsonde de Castaing (Electron probe microanalyser, EPMA) pour identifier et quantifier
les éléments Al, Fe, O et C. On constate que, en l'absence d’H,, la composition des deux
métaux dans le film déposé correspond a un rapport hypothétique de 13:1.3, ce qui dévie de
maniere significative du rapport désiré de 13:4. De plus, ces films contiennent une forte
concentration d’O (25%), ce qui favorise la formation des oxydes et empéche la formation de
composeés intermétalliques. L'ajout d’H, n'a pas d'effet significatif de réduction, puisque 1’0
ne diminue que légerement : 18% dans le meilleur des cas. Cependant, il a une influence
majeure dans le rapport Al:Fe. Lorsque la CVD d'Al est concerné, 1’H, déplace I'équilibre de
la réaction de surface d’Al dans une direction opposée au dépot. Dans le méme temps, I'ajout
d’H, semble favoriser le dép6t de Fe. Par conséquence, en réduisant la concentration d’Al et
en augmentant la concentration de Fe, le rapport des deux métaux est améliorée a 13:2.5,
dans le meilleur des cas, mais encore, il differe du rapport désiré de 13:4.
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Fig. S-12: Des analyses atomiques EPMA en fonction du flux de I’H, a I’entrée du réacteur.

Les films obtenus par co-dépdt sont constitués d’Al et de Fe métalliques et d’oxydes
amorphes, et aucune phase intermétallique n’est identifiée. La grande quantité d’O ne laisse
aucun espace pour une étude plus approfondie de la formation de phases intermétalliques, par
exemple par recuit post-dépbt approprié. Cependant, le processus de co-dépdt a des
températures plus basses ainsi que le recuit thermique devrait étre examinée comme une
possibilité de former des phases intermétalliques Al-Fe. La modélisation macroscopique peut
soutenir une telle étude.

Néanmoins, une solution existe avec le dép6t séquentiel des deux métaux. Au cours
de ce processus, les précurseurs ne sont jamais en contact direct et donc la possibilité
d'obtenir des films avec des concentrations élevés d’O, est réduite. Le dépdt CVD de la
couche d’Al est réalisé a 180°C et a 10 Torr. Le dép6t CVD de la couche de Fe est réalisé a
140°C et a 40 Torr. Le choix de ces conditions est basé sur l'analyse expérimentale et
numérique présentée précédemment et vise a créer des films avec des concentrations d’Al
élevées, tel que requis par la phase approximante AljsFe;. Les expériences de dépot
séquentiel sont réalisées sur des substrats de verre et de dioxyde de silicium (SiO,).
L'utilisation de substrats de silicium devrait étre évitée, car elle peut conduire au
développement de siliciures de fer. Le dépdt séquentiel est suivi d'un recuit thermique pour
faciliter la réactivité entre les deux métaux et améliorer la formation de composés
intermétalliques. En particulier, le recuit thermique est effectué a 575°C, ou la formation de la
phase Al,3Fe, a été rapportée (Haidara et al., 2012).

La spectroscopie de photoélectron X (XPS) est utilisé pour analyser la surface des
films Al-Fe, et pour quantifier la composition élémentaire au niveau de la surface. Sur la base
de ces mesures, le rapport Al:Fe égale 13:4.3, une valeur qui est proche de l'objectif de 13:4.
La Figure. S-13 montre les spectres XPS de Fe 2p et d’Al 2p a la surface d'un film Al-Fe, qui
est formé dans les conditions ci-dessus. Le spectre de Fe 2p (S-13a) contient un seul pic avec
un petit déplacement chimique par rapport au spectre de référence. Cette différence est
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caractéristique de la structure électronique modifiée dans les composés intermétalliques de
métaux de transition. Dans le spectre d'Al 2p (S-13b), le pic a 72.2 eV correspond a I’Al
métallique, tandis qu'a 74.6 eV a un oxyde d'Al. Par conséquent, on suppose que la surface de
ces couches inclut une couche mince d'oxyde d'Al, qui n’est pas présente dans le reste du film
et ne provoque pas la dissolution de I'alliage Al-Fe au-dessous.

(a) (b) — FilmALFe
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Fig. S-13: Le spectre XPS d’un film Al-Fe. (a) Le pic Fe 2p comparé avec une référence de Fe. (b) L’Al
2pcompareé a une référence d’Al.

La Fig. S-14 montre le diagramme de diffraction des rayons X (DRX) d'un film Al-Fe
déposé dans les mémes conditions. Le spectre est comparé avec ceux de la littérature sur
AlisFes (Ellner, 1995; Grin et al., 1994).
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Fig. S-14: Le spectre DRX d’un film Al-Fe (haut) en comparaison avec ceux (bas) d’Ellner (1995) et de Grin et
al., (1994).

41



I.G. Aviziotis, Ph. D. Thesis, Chemical vapor deposition of Al, Fe and of the Al,3Fe, approximant
intermetallic phase: Experiments and multiscale simulations

Une bonne correspondance entre le spectre de DRX et ceux de la littérature est observée,
confirmant la formation de la structure intermétallique d’AlysFes. En particulier, les pics a bas
angles 260, entre 20°-30°, ainsi que les pics de haute intensité a 40°-50° et des pics moins
intenses a grands angles 20 sont caractéristiques de la phase approximant m-AlyzFes. 1y a,
cependant, d'autres pics, par exemple a des angles de 38°-39° et 50° qui sont attribues a la
phase AlsFe; et a I’Al métallique. Etant donné que des phases différentes coexistent dans le
film, il est conclu que sa composition chimique n’est pas uniforme. Pour déterminer le
gradient de composition la microscopie électronique a balayage entransmission est utilisé
(STEM) et combinée avec I'analyse dispersive en énergie (STEM-EDX).

Les résultats STEM-EDX sont présentés sur la Fig. S-15. La micrographie de la Fig.
S-15a révele un film poreux, ou linterdiffusion des deux métaux semble compléte.
Cependant, il est confirmé que la composition élémentaire n’est pas uniforme dans le film.
Par exemple, la Fig. S-15b montre que plus de 50% volumique de la partie inférieure du film
(bottom) est constitué par des grains riches en Fe (Al(25)Fe(75), ou Al(15)Fe(85), tel que
mesurée par STEM/EDX).

Fig. S-15: (a) Micrographie du film Al-Fe. Cartographie STEM/EDX du film (b) en bas (carré rouge) et (c) en
haut (carré jaune). (d) STEM/EDX en résolution supérieure dans le carré noir de la figure c.

Dans la partie supérieure du film (top), la concentration en fer réduit progressivement
jusqu'a une composition uniforme sur un épaisseur de 2-3 pum. La Fig. S-15¢c montre la
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cartographie élémentaire de la partie supérieure du film. On observe qu'il y a une répartition
uniforme des grains de type Al(75)Fe(25), qui correspond a la composition d’AlizFe,. La Fig.
S-15d montre la cartographie dans le carré noir de S-15c¢, a une résolution supérieure. A la
proximité des pores des films, la concentration en Al est supérieure, et elle est associée a la
présence d’O. L'oxydation préférentielle d’Al est commune sur les alliages d’Al avec des
métaux transition et elle est en accord avec I’XPS, ou une couche d'oxyde d'Al a été observée
a la surface. Pendant le recuit thermique des films, on suppose que les phases intermétalliques
Al-Fe sont d'abord formées a l'interface avec le substrat. Cette hypothese est confirmée par
les observations STEM/EDX qui montrent que les grains riches en Fe se concentrent a
I'interface avec le substrat.

La Fig. S-16 montre I'analyse par microscopie électronique a transmission (MET)
d'un film Al-Fe. Dans la moitié inférieure du film, les deux métaux sont completement
mélangés, tandis que dans la partie supérieure des régions d'Al-Fe et d’Al sont détectées en
alternance (Fig. S-16a). Un zoom sur l'interface entre les zones d’Al et d’A I-Fe (cercle blanc
sur la Fig. S-16a) est présenté sur la Fig. S-16b. Il y a un grain Al-Fe rectangulaire de 180 nm
d'épaisseur, développée dans la région d'Al. L’image de haute résolution de ce cristal est
montrée sur la Fig. S-16c. L’analyse de la transformée FFT (fast Fourier transform)
démontre la formation de la phase approximante m-AlisFes; les parametres
cristallographiques déterminés sont a=15.49A, b=8.08A, c=12.48A, p=107.75°. Ces valeurs
sont en accord avec les résultats de la littérature correspondant (Ellner, 1994;. Grin et al.,
1995).

Fig. S-16: (a) Une coupe transverse d’un film Al-Fe. (b) La magnification dans la région du cercle blanc de la
figure a. (c) Une image TEM en haute résolution du cristal observé sur b. (d) Transformée de Fourier de c, qui
confirme la formation d’Alj3Fe, en axe de zone [001].
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Enfin, les films contenant la phase approximant m-AlysFe, sont testés pour leurs
propriétés catalytiques dans le procédé de semi-hydrogénation de lI'acétylene. Les expériences
catalytiques ont été réalisées a I'Institut spécialisé IRCELYON en France. Les mesures
initiales montrent que I'activité du film est limitée; dans tous les cas, la conversion
d'acétylene en éthyléne est trés faible. La mauvaise performance des films peut étre attribuée
a leur oxydation et au gradient de composition, comme s’observe au-dessus. Afin d'améliorer
I'uniformité de la composition chimique, la durée du recuit thermique doit étre augmentée.
Par ailleurs, I'amélioration de la porosité des films peut limiter leur oxydation. En ce sens,
I'analyse informatique avec un modele multi-échelle peut explorer la dépendance de la
porosité avec les conditions de fonctionnement.
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Complex metallic alloys (CMAS) is a particular family of intermetallic phases which
was recently defined in the frame of the “Complex Metallic Alloys” FP6 European Network
of Excellence (Dubois, 2008). CMAs are characterized by large unit cells containing up to
thousands of atoms, some disorder and the presence of highly coordinated clusters: another
physical length in addition to their lattice parameters. CMASs provide materials with
advantageous combined properties which are usually not found together in the same material.
This is a consequence of their structural complexity from the crystallographic and the
electronic structure point of view. At the top of this structural complexity, quasicrystals
(QCs) and approximant phases can be found. QCs are well-ordered, non-periodic solids often
associated with classically forbidden rotational symmetries. On the other hand, an
approximant is a periodic crystalline material that is closely related to a QC in chemical
composition and in atomic structure. Approximant phases often contain the same clusters as
those embedded in QCs of related composition (Goldman and Kelton, 1993). Al-Fe
intermetallic compounds such as AlFe and AlFe; are mostly preferred for high-temperature
applications because of their excellent hot-gas corrosion resistance (Kléwer, 1996; Tortorelli
and Natesan, 1998). Recently, the approximant phase AlisFe, has been identified as a
promising catalyst for the semi-hydrogenation of acetylene to ethylene, a possible substitute
of precious noble metals (Armbruster et al., 2012).

The production of intermetallic compounds comprising approximant phases is limited
almost exclusively to crystal growth methods such as Czochralski or Bridgman (Langsdorf
and Assmus, 1999). These techniques are powerful in the production of high-purity single
crystals and therefore, they are useful for the investigation of the crystallographic
characteristics and the basic physical properties. Nevertheless, these bulk materials suffer a
number of disadvantages amongst which fragility that limits their application. Thus,
alternative techniques such as films deposition methods can be applied to ensure the
properties of the formed phases, in terms of a supporting material, the robustness and the
reproducibility of the formation process and its transferability to large scale, industrial
production.

There is a wide variety of deposition processes, nevertheless few of them meet the
required specifications for the production of an intermetallic approximant phase. Films and
coatings deposited by physical techniques (physical vapor deposition, sputtering, beam
epitaxy) suffer from poor conformality. Solution deposition methods (sol-gel deposition) are
limited mainly by requirements originating from the solubility of precursors in a solvent and
the sufficient wetting of the substrate from the solution without any chemical interactions
between them. Atomic layer deposition techniques (ALD) yield very low throughput. Thus,
for the formation of Al-Fe intermetallic phases and in particular of the Al;3Fe, approximant
phase (Chapter 1), the chemical vapor deposition technique (CVD) is selected. It has the
advantages of high throughput, while enabling conformal coverage of complex-in-shape
surfaces. MOCVD precursors are molecules containing the metal to be deposited. They are
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evaporated prior entering the reactor and their vapors are transported by a carrier gas to the
surface of the substrate. Precursors may undergo gas phase or surface reactions. When the
appropriate amount of energy is provided to the surface, it results in the deposition of a
metallic film.

The key ingredients of a CVD process are the following three; first, the choice of
appropriate precursor molecules and the formation and transport of their vapors in the reactor.
The use of metalorganic precursors renders possible the low-temperature operation of
MOCVD processes, thus extending the targeted applications spectrum so as to cover
temperature-sensitive substrates, like polymeric surfaces. Second, the design of the reactor in
terms of operating conditions (pressure, temperature, input feed rate), geometry, etc. (Chapter
2). Third, the mechanisms occurring during the process. The latter are associated with the
main drawback of the process, namely, the complicated coupling of chemistry and transport.
The gas phase and surface reactions, the transport phenomena and their interplay need to be
understood and controlled in order to consolidate a process for the production and formation
of films with controllable and reproducible thickness, microstructure and chemical
composition.

The computational modeling of a CVD process provides an invaluable tool for the
investigation of such complex mechanisms (Chapter 1). Furthermore, with multiscale
modeling, mechanisms pertaining at different spatial scales are addressed. Macroscopic scale
(macroscale) modeling is valid as long as the continuum hypothesis prevails. It lies on the
mathematical statement of first principles, namely the conservation of mass, momentum and
energy, which gives rise to a set of nonlinear partial differential equations (Chapter 3). The
equations must be solved in three-dimensional and often geometrically complicated domains
under transient or steady-state conditions. Macroscale models account for transport
mechanisms in the bulk (volume) of the reactor. They incorporate homogeneous, gas phase
chemical reactions as well as heterogeneous, surface reactions which yield the solid product,
i.e., the deposited metallic film. With the exploitation of computing power, these models are
meant to be predictive tools, enabling the illumination of mechanisms and, subsequently,
process optimization and control. In practical terms, they can provide predictions of the
dependence of the deposition rate of the film on the manipulated operating parameters of the
reactor and determine preferred operating “windows”. The reliability of the model is ensured
by thorough validation with experimental measurements. Micro- and nano-scopic scale
(microscale and nanoscale) models are necessary for the treatment of surface processes, such
as adsorption, migration and desorption of molecules or atoms. In this thesis, nanoscale
models are applied, such as kinetic Monte Carlo (KMC) (Chapter 3). The linking between the
two scales, macro- and nano-, i.e., the development of a multiscale framework, is performed
through the feeding of information calculated macroscopically to the nanoscale model. It
enables the calculation of surface features, such as roughness which is associated with the
final properties of the films. Thus, a modeling framework including standalone macroscopic
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and multiscale simulations of the CVD process provides a set of information which covers
the entire film production, from the dependence of the deposition rate and the film thickness
on operating conditions to the film microstructure and properties.

The formation of films containing intermetallic phases by CVD passes through the
investigation of the deposition of unary metals. If an overall compatibility (chemical, thermal,
transport) is found, then the simultaneous or the sequential deposition of the metallic
constituents can be performed. A set of information is provided by the Arrhenius plot of the
CVD of each metal which shows the dependence of the deposition rate on temperature. The
Arrhenius plot is the outcome of theoretical predictions, validated by corresponding
experimental measurements. It schematically maps out different regimes, each associated
with a controlling mechanism of the deposition process, be it surface chemical reaction
Kinetics (reaction-limited regime) at low temperatures, or transport (diffusion-/transport-
limited regime) at high temperatures or both at intermediate, transition, temperature regimes.
For co-deposition or sequential deposition processes, the superposition of both Arrhenius
plots of each metal to be deposited helps in the determination of a common operating
window. For co-deposition, it is generally preferable to operate in the reaction-limited
regime. In this regime, the prevailing mechanisms are attributed mainly to surface reactions
and the effect of homogeneous reactions, which may lead to high decomposition rates and
interactions between the precursors, is limited. However, for particular precursors systems the
occurrence of gas phase reactions is inevitable in the entire temperature range of
investigation. Thus, a common process should be carried out in a temperature window
containing different temperature regimes for each precursor. In such a way, deposition of the
first element can be controlled by the concentration of the reactive gas phase in the input gas
and deposition of the second by the deposition temperature.

Following the above mentioned general framework, the CVD of unary Al and Fe
films is investigated in Chapters 4 and 5, respectively. We determine the operating conditions
for the combined processing of the two metals potentially leading to the formation of the
AlysFes approximant phase. For the CVD of Al, the dimethylethylamine alane (DMEAA)
precursor is chosen (Chapter 1). Investigation of the process yields the corresponding
Arrhenius plot and the evolution of the microstructure with temperature. Macroscopic
simulations alone reveal that homogeneous reactions occur even at low temperatures. The
predicted deposition rates are in fairly good agreement with experimental measurements in
the investigated regime, except for higher temperatures, indicating that a more detailed
chemical pathway needs to be applied. Multiscale simulations reveal the evolution of the film
microstructure and, in particular, of the surface roughness with temperature; the
microstructure is important for the feasibility of the subsequent co-deposition or sequential
deposition. The CVD of Fe is performed by using the iron pentacarbonyl (Fe(CO)s) precursor
(Chapter 1). The investigation of the process includes the determination of the dependence of
the deposition rate on temperature and pressure, modifications of the surface morphology
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when temperature increases above a certain limit and the evolution of the surface roughness
with temperature. As in the case of Al, macroscopic theoretical predictions are close enough
to experimental measurements of the deposition rate versus temperature and pressure. They
also reveal gas phase decomposition of the precursor and inhibition of the surface at high
temperatures. The multiscale analysis reproduces the evolution of roughness with
temperature.

CVD experiments and modeling of unary Al and Fe films yield the determination of
the operating parameters for the co-deposition and the sequential deposition of the two
metals, presented in Chapter 6. The possibility of obtaining Al-Fe intermetallic phases is first
examined by the one-step, co-deposition process, which is actually in its infancy. The
investigation of the unary processes provides evidences for the gas phase decompositions of
the two precursors and consequently, for their potential interactions when fed simultaneously
in the reactor. However, these interactions are not adequately known and they may lead to
uncontrollable results including contamination and/or insufficient control of chemical
composition. The two-step, sequential deposition becomes the process of choice in order to
avoid interactions between precursors and to obtain pure metallic phases. However,
depositions occur at rather low temperatures (<200°C). Therefore annealing of the films is
required to activate the formation of Al-Fe intermetallic phases. Identification of the phases is
realized by a range of characterization techniques. Among them, high resolution TEM and
STEM allow the determination of the compositional, structural and microstructural
characteristics of the films.

The thesis project was carried out in the framework of a joint program — “co-tutelle” —
which involves the cooperation between the School of Chemical Engineering of the National
Technical University of Athens (NTUA) and the Centre Interuniversitaire de Recherche et
d’Ingénierie des Matériaux (CIRIMAT) of the Institut National Polytechnique de Toulouse
(INPT). In this framework, the modeling procedure including the development of algorithms
and the computational simulations of the process were performed in the School of Chemical
Engneering under the supervision of Prof. A.G. Boudouvis whereas the experimental work,
including film characterization, were carried out at CIRIMAT, under the supervision of Dr.
C. Vahlas and Dr. T. Duguet.
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Chapter 1. Formation of unary films and complex
Intermetallic structures with CVVD: motivation,
materials and elaboration processes

In Chapter 1 are presented the aim of the thesis, the CVD technique and its principles with
regard to the targeted co-deposition and sequential deposition processes. The criteria of
precursors’ choice are described and the selection of precursor for aluminium and iron
deposition is justified along with potential reaction pathways of these molecular compounds.
Furthermore, theoretical aspects in terms of modeling CVD processes are discussed. In this
sense, a macro-, a nano- and a multiscale model are presented. Through modeling, chemistry
and Kkinetics are coupled with transport and their interplay is investigated at
different/multiple scales. Finally, as a case study, the intermetallic Al;3Fe, approximant is
presented.
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1.1. The aim of the thesis

The thesis presents a combined experimental and theoretical approach for the
application of a Chemical Vapor Deposition (CVD) process to the formation of intermetallic
compounds on surfaces. The compound of choice is an Al-Fe one, namely the AlisFe4
approximant phase. Iron aluminides have been among the most studied intermetallics in the
literature with respect to structural and functional applications (Stoloff, 1998), due to their
excellent corrosion resistance under oxidizing, carburizing and sulfidizing atmospheres
(Ehteman Haghighi et al., 2010), their relatively high electrical resistivity and low thermal
conductivity (Krasnowski and Kulik, 2007), their good magnetization properties (Madurga et
al., 2008), their good mechanical properties (Senderowski et al., 2010) and their low cost
(Senderowski et al., 2010). Among the six AlFes, AlFe, Al Fe, AlsFe;, AlsFe; and AlgsFeq
non-stoichiometric Al-Fe intermetallic compounds (Sundman et al., 2009), the latter one, also
named AlsFe for convenience, is a complex metallic approximant phase which presents
provides multifunctional properties useful to advanced materials, including catalytic
applications such as the semi-hydrogenation of acetylene to ethylene feed for polyethylene
production (Armbruster et al., 2012). Single crystals of such intermetallic phases, useful for
getting insight in the crystallographic characteristics of the fundamental physical properties,
can be produced by crystal growth methods, e.g. the Czochralski technique. However, in
order to ensure implementation of the formation of such phases in large scale industrial
applications, alternative methods, such as CVD, are used providing functionalization of
complex surfaces with high throughput.

There is a wide spectrum of materials that can be deposited by CVD, ranging from
metals and oxides to carbides, nitrides, sulphides as well as polymers and intermetallic
phases. CVD can address the limitations caused by physical deposition techniques (physical
vapor deposition, molecular beam epitaxy or sputtering), such as poor conformality.
Furthermore, in comparison with other chemical deposition techniques such as ALD, sol-gel
deposition and electrochemical deposition, CVD by operating at relatively low to moderate
temperatures (i.e., the reaction-limited regime, see hereafter) can meet the requirements for
the deposition on complex, non-line-of sights surfaces with limited process time.

The main hard point which has to be tackled in CVD technique is the complexity of
the involved chemical reactions and mechanisms. As opposed to other deposition techniques
where no chemical reactions or only surface reactions occur, the evolution of transport
phenomena, including homogeneous, gas phase reactions, may have a strong impact on the
surface reaction and consequently, on the process and material (the final film and its
interaction with the substrate) characteristic. In complement to a classical try and error
experimental approach, it takes modeling and computational analysis to cope with these
difficulties and to investigate and understand the phenomena occurring at different length
scales. Macroscopically, transport phenomena and chemical reactions and Kkinetics which
affect qualitatively and quantitatively the film, need to be understood for a better control and
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optimization of the process. At the film surface level, additional phenomena occur with an
important impact on the microstructure of the films. Thus, the theoretical approach of CVD
processes carried out in this thesis is a precious tool for the investigation and understanding
and, subsequently, control and optimization of the complex mechanisms occurring during the
deposition of Al and Fe films. Modeling of the CVD process should not be considered alone.
Indeed, it not only consolidates the investigated CVD processes but it also provides a
“communication”/feedback with the experimental procedure towards attaining the targeted
intermetallic material, in the present case the formation of the Al;3Fe, approximant phase.

The processing of the targeted AlisFes intermetallic phase passes through the
investigation of the CVD of unary Al and Fe films for the definition of the operating
parameters of each deposition, to end up with a combined process, namely a co-deposition or
a sequential deposition, for either the simultaneous or the successive deposition of the two
metals, respectively. Through this investigation, the impact of the deposition temperatures,
the operating pressures and of the mass flow rates of the initial gas mixture on the output of
the CVD is experimentally and computationally examined. Furthermore, the experimentally
supported computational modeling of the unary Al and Fe depositions allows fetching
information concerning the chemical reactions and the microstructure of the films. This
information is a valuable tool concerning the common Al and Fe processing since it reveals
potential interactions in the gas phase and at the surface level. The overall objective of the
thesis is to demonstrate that a combined experimental and theoretical approach leads to the
conclusion that an appropriately set CVD process could be an advantageous method of choice
for the growth of intermetallic films.

1.2. Chemical vapor deposition

1.2.1. General description

CVD is a technique applied for the formation of thin solid films and coatings on the
surface of a substrate, by a surface chemical reaction. Therefore, it can be distinguished from
physical vapor deposition (PVD) techniques, such as evaporation and sputtering which, in
their majority, simply include the adsorption of atomic or molecular species on the substrate
and with no chemical processes involved. Industrially CVD has played an important role in
the microelectronics and the semiconductors engineering for the manufacturing of micro- and
nanometric chips, interconnects and integrated circuits since the early days of the information
and communication technology (Sherman, 1987). Nowadays, CVD has been recognized as a
generic technology of major importance for the implementation of Key Enabling
Technologies as explicitly illustrated in the ad hoc report’. It provides advanced high
performance materials with advantageous properties for targeted applications as presented in

'see Figure 4 in
http://ec.europa.eu/DocsRoom/documents/11283/attachments/1/translations/en/renditions/native
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Figure 1.1. This figure summarizes representative illustrations of such applications: Thin
alumina (Al,O3) coatings are deposited by CVD at the inner surface of bottles due to their
excellent barrier, anti-corrosion and high optical transmission properties for the protection of
the content of the bottle (Figure 1a) (Etchepare et al., 2014). In cases where selective growth
is demanded on different types of surfaces or on patterned surfaces, the application of CVD
ensures the device integration, the high and conformal coverage of complex geometry and the
scale-up of the process. Example are, the growth of gallium nitride (GaN) nanowires on
LiAIO, and MgO surfaces, which provides various optical properties (Figure 1b) (Kuykendall
et al., 2004) and the growth of zeolitic imidazolate (ZIF-8) framework thin films on surfaces
with pillar geometry (Figure 1f) (Stassen et al., 2015).

Figure 1.1: Materials produced by CVD techniques for targeted applications. (a) Thin Al,O3 coatings deposited
by CVD at the inner part of a bottle (Etchepare et al., 2014); (b) CVD grown GaN nanowires on LiAIO, (top)
and MgO surfaces (bottom) (Kuykendall et al., 2004); (c) CVD growth of graphene on NiTi substrates (Li et
al., 2015); (d) Aerosol assisted CVD of composite TiO,—SnO, films (Ponja et al., 2013); (e) Synthesis of
polymer insulating layers by initiated CVD (Moon et al., 2015); (f) ZIF-8 thin films grown by CVD (Stassen et
al., 2015).

Furthermore, CVD grown materials are used for functionalization such as increasing
surface bioactivity or enhancing surface hydrophobicity and photocatalytic activity. Such
cases are the CVD coated NiTi surface by graphene (Figure 1c) (Li et al., 2015) and the

composite TiO,—SnO; films (Figure 1d) (Ponja et al., 2013), respectively. Last but not least,
there is an increased interest in the CVD of polymers, which provides ultrathin insulating
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polymer layers for low-power soft electronics, among other desirable properties (Figure 1le)
(Moon et al., 2015).

In CVD, the substrate to be covered is positioned in a zone of the reactor where
energy (heat, radiation, electricity) is provided. An inert gas, called carrier gas, transports the
reactive gas by convection in the reactor chamber to the surface of the substrate. The gas
phase contains molecules — named precursors — with the elements to be deposited. Prior to
entering the reactor, the precursors are evaporated. Alternatively, they already exist in their
gas form. The energy provided enables the decomposition of the precursors in the bulk of the
reactor and preferably on the surface of the substrate. It is this surface decomposition which
leads to the production of the solid film and of volatile by-products which are removed from
the reactor.

The principle of CVD is presented in Figure 1.2 where the different steps of the
process are shown (Vahlas, 2010). Two distinct parts are illustrated: the precursors’ scientific
and technological management and the reactor zone. Within the latter, the different
deposition mechanisms are depicted. First part refers to the design and the selection of the
precursor based on the targeted application and the transport of the precursor’s vapors in the
reactor chamber. The selection of a precursor is an important stage since the characteristics
and the required properties of the obtained thin films are inherently connected to the chemical
structure and the reactivity of these molecular compounds.

Selection of the precursor
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Figure 1.2: Schematic representation of the CVD process. The different pathways that the precursor and its
products follow, indicate the involved steps and the complexity of the process.

The choice of a molecular precursor is adapted for each specific case or system to be
investigated, however, it should fulfil specific prerequisites (Maury, 1995; Sovar, 2006):
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e high purity;
o sufficient chemical stability to avoid degradation during storage;
o elevated vapor pressure at relatively low temperatures (room temperatures for

liquid precursors, not more than 100°C for solid precursors) for the complete
and convenient transportation of its vapors in the reactor chamber;

o sufficiently high decomposition temperature to prevent as much as possible the
premature gas phase reactions during transportation from the storage vessel to
the process volume, but low enough to be able to process on temperature
sensitive parts;

e clean decomposition with volatile by-products, avoiding the contamination of
the resulting materials by heteroatoms such as oxygen, carbon, fluor or
nitrogen;

e absence of dangers by its utilization, such as toxicity, pyrophoricity or
explosiveness;

o affordable prices, regulations clearance and availability during its purchase.

Further constraints for the choice of precursors are added when a co-deposition
process is applied and concern mainly the interactions among the different precursor
molecules which may lead to unwanted results (see §1.2.3.). Last but not least, the efficient
production of precursor’s vapors and their transport to the reactor chamber are important
issue that have to be tightly controlled in order to ensure controllable flow rates and
consequently, contribute to the deposition of films with the targeted characteristics, and with
satisfactory deposition rates (see §2.1.1.5.).

The second part of Figure 1.2 concerns the type of the process and the corresponding
design and configuration of the reactor, namely the operating conditions which should be
applied for the desired result. Among several classifications of CVD, metal-organic chemical
vapor deposition (MOCVD) utilizes organometallic® precursors and results in thin films and
coatings with targeted specifications, in terms of film thickness and uniformity, of substrate
shape and compatibility with elevated temperatures or environmental compatibility and
sustainability. The high-purity precursors may contain a direct metal-carbon bond, such as
those included in metal carbonyls or in metal alkyls and lead to the production of solid films
of high thicknesses. The definition of MOCVD has been extended to include compounds
containing metal-oxygen bonds such as metal-p-diketonates, metal-nitrogen bonds such as
metal amidinates and metal hydrides such as alane precursors (trimethylamine alane,
triethylamine alane) (Luo and Gladfelter, 2009).

The development of MOCVD enhances the advantages already provided by
conventional CVD techniques such as the conformal coverage of complex-in-shape surfaces

2 While the term organometallic refers in general to a compound where a metallic atom is linked to one or
more organic ligands, the term metalorganic is a more restrictive one, referring to metal-containing
compounds lacking direct metal-carbon bonds but which contain organic ligands.
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and the high throughput. Furthermore it allows operating at low to moderate temperatures,
thus extending the deposition application to sensitive substrates (e.g. composite or polymeric
surfaces), due to the existence of weak chemical bonds between the elements to be deposited
and the other atoms (oxygen, carbon, nitrogen) or groups of atoms (ligands) to be removed
from the reactor chamber.

In the case presented in this thesis, thermally activated MOCVD is preferable over the
photo-assisted MOCVD or the plasma-enhanced MOCVD, where additional energy sources
such as higher frequency radiation and electrical energy are applied to initiate and maintain
the process. Such kind of sources may be intrusive to the involved sensitive chemistries;
especially, they may impact in a differential way the two unary processes resulting in a
tedious control of the process-structure relation.

MOCVD reactors are divided in two categories. The first are hot wall reactors, where
the heat source to the substrates is the walls of the reactor themselves. The latter are often
heated by a resistive coil gyred around them. Inside the reactor, there is a relatively
homogeneous temperature distribution rather than a temperature gradient and the gas phase is
heated yielding homogeneous, volumetric reactions and decompositions of the precursor
molecule. As a result, the precursor undergoes gas phase consumption which prevents it
reaching the substrate and may even result in powder formation due to homogeneous
nucleation. These competitive phenomena imply a lower yield and the reactor must be
serviced at a regular basis to be kept in clean conditions. It will be shown in the next chapters
that, in the investigated combined process of Al and Fe, the gas phase and the surface
reactions coexist over the entire temperature range and the operation in an environment
which enhances the gas phase reaction rates renders the co-deposition more complex.
However, due to the large heated volume involved, hot wall reactors are used in the industry
when high throughput is requested.

The second category includes cold-wall reactors for which the substrate is heated
directly inside the reactor chamber. Due to the difference in temperature between the main
body of the reactor and the deposition surface, sharp temperature gradients exist which
prevent in some cases the intense gas phase decomposition of the precursor and ensure
consumption of the latter close to the surface. Thus, cold-wall reactors are more appropriate
for the investigation of the mechanisms of the process.

Regarding operating pressure, MOCVD processes can take place at low pressures
(LPCVD) as the cases presented in the following chapters, at ultra-high vacuum (UHV-
CVD), as for the deposition of epitaxial silicon (Si) and germanium silicide (GeSi) layers
(Adam, 2010) or at high pressures and more often under atmospheric pressures (APCVD) as
for the cases of graphene (Vlassiouk et al., 2013) or of Al,O3 coatings (Etchepare et al.,
2015). The LPCVD has limited impact on the behavior of the precursor molecules compared
with UHV-CVD and APCVD where the vacuum or high pressure conditions may lead to the
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increased desorption from the surface or to high decomposition rates of the precursor in the
gas phase.

The different phenomena occurring during the process depicted in Figure 1.2, are gas
phase (volumetric) and surface reactions, adsorption, desorption and diffusion of molecules
or atoms on the surface and also the growth process per se; these phenomena are a matter of
investigation of modeling and computational analysis and will be thoroughly analyzed in
Chapter 3 of the thesis. The combination of the chemical, physical and technical options of
each of the described parts have a significant impact on the final outcome of the process such
as the thickness of the obtained material, its microstructure, its elemental composition and the
formed phases.

As it is illustrated in Figure 1.2, the CVD technique can be schematically shown as a
sequence of more than one steps. In particular, the precursor decomposes in the gas phase or
it diffuses to the surface where it can undergo adsorption, decomposition or other reactions
and migration. These mechanisms often depend on several operating conditions, such as the
temperature, the pressure and the concentration of the precursor in the input gas mixture. In
CVD processes, there always exists a limiting step which dominates and controls the whole
process, in terms of deposition rate. Thus, different regimes of a deposition process can be
defined, based on the corresponding limiting step (Jones and Hitchman, 2009; Pierson, 1999).
The discrete regimes are shown in Figure 1.3, where a general Arrhenius plot is presented,
i.e., the natural logarithm of the deposition rate of the film as a function of the inverse
temperature in degrees Kelvin.

At low temperatures (regime 1), the deposition rate is controlled by surface reaction
kinetics (reaction-limited regime). In the reaction-limited regime, the amount of precursor
which is available at the growing surface is in excess with regard to the quantity required for
the resulting deposition rate; i.e., increase of the precursor feeding rate has no impact on the
deposition rate. The deposition reaction occurs slowly and it strongly depends on the surface
temperature, that is, the higher the temperature, the higher the rate of the deposition reaction
and, thus, the deposition rate of the film. In the general form of an Arrhenius plot, the curve
in regime | is linear, with a slope corresponding to the activation energy, E,, of the deposition
reaction. E,, is the energy required to overcome the barrier of the transition from the state of
the reactants (X) to the state of the products (Y), i.e., from the CVD precursors and other
reactive gases to the solid film and the gaseous by-products (inset of Figure 1.3).

Further increase of the temperature above a certain limit, leads the deposition reaction
to be performed so fast that the process is limited by the transport phenomena (regime 11). In
this case (transport or diffusion-limited regime), the diffusion rate of the reactants through the
mass transfer boundary layer and the diffusion rate of the gaseous by-products out of this
layer are the dominating mechanisms over the deposition reaction and control the overall
deposition process. In the diffusion-limited regime, increase of temperature has limited
impact on deposition rate. This is illustrated by the regime 11 of the Arrhenius plot where the
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deposition rate is saturated. Indeed, temperature impacts the diffusivity of the species but it
has limited influence on the deposition rate and the concentration of the reactants is high
close to the surface. Therefore, in the diffusion-limited regime, the increase of the initial
concentration of the precursor in the initial gaseous mixture yields higher deposition rates.
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Figure 1.3: Arrhenius plot for a CVD process; evolution of the logarithm of the deposition rate as a function of
the inverse surface temperature. The definition of the activation energy, E,, for the initiation of the surface
reaction is shown. The inset schematically depicts the physical meaning of E, which is the energy required to
pass from the state of reactants, X, to the CVD reaction products, Y.

At even higher temperatures (regime 111), a significant decrease of the deposition rate
is observed. In this region, various competitive phenomena may occur against the surface
reaction. Most commonly, high temperature is a source of energy for the activation of the
homogeneous gas phase reactions which occur with high reaction rates leading to the gaseous
decomposition of the precursor molecule or to gas phase particle nucleation prior the
diffusion of the reactants at the vicinity of the surface. The consequence of these side
phenomena is the reduced availability of precursor molecules for the surface reaction leading
to the targeted film, thus resulting in the decrease of the deposition rate. Moreover,
processing films in this regime may lead to their contamination by heteroatoms or to the
deposition of powders. Indeed, the provided heat in these conditions is high enough and may
induce inappropriate decomposition of the initial molecular compounds and subsequent
incorporation of ligands or part of ligands in the films as inhibition factors to the deposition,
thus decreasing the deposition rate. The inappropriate decomposition of the precursor may
also lead to the production of unwanted secondary materials that act as etching species
(Choy, 2003). Finally, precursor’s or other reactants’ molecules which are adsorbed on the
surface and are responsible for the deposition may undergo desorption with high rates, under
the high temperature conditions, resulting in reduced deposition rates and thickness (Choy,
2003).
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The operating pressure is another parameter of importance for a CVD process, as it
also impacts the deposition rate of the film. For example, when the precursor molecule is
stable enough, the increase of the total pressure strengthens the partial pressure of reactants
(for the same molar fraction) and thus, leads to an a priori higher deposition rate (Pierson,
1999). On the other hand, by increasing the total pressure the mean free path of the
precursor’s molecules decreases and the collisions between the molecules increase, thus
promoting homogeneous, gas phase reactions. This in turn, causes a high consumption rate of
the precursor in the gas phase, lowers the available amounts on the surface and consequently
lowers deposition rates. Furthermore, an increase of the pressure for a CVD process
occurring in the diffusion-limited regime results in the lower diffusion of reactive species to
the surface (the diffusivity of a gas phase species is inversely proportional to the pressure)
and therefore, in reduced deposition rates.

The Arrhenius plot is a convenient basis for the optimization of a MOCVD process.
For example, it allows defining the reaction-limited regime which gives the process ability of
conformal coverage of complex-in-shape surfaces. However, the low deposition rates
corresponding to the conditions in this regime render the performance of the process more
convenient at temperatures between the limit of the reaction-limited regime and the diffusion-
limited regime (transition temperatures). Hence, it is important to determine the limits of each
regime at the Arrhenius plot, either experimentally or computationally, in order to be able to
choose the appropriate operating conditions (“windows”).

The effects of process temperature, pressure and initial precursor concentration on the
deposition rate of Al and Fe films are experimentally and computationally investigated in
Chapters 4 and 5. It will be shown that although the Arrhenius plot is a useful tool for the
investigation and the understanding of the process, it is an oversimplification of a complex
situation with various co-existing phenomena and mechanisms, and the different temperature
regimes simply distinguish domains where a mechanism may prevail over the others. For
example, as opposed to the schematic of Figure 1.3, a change in the precursor’s concentration
in the reaction-limited regime may have a strong effect on the deposition rate due to the co-
existence of the surface reaction with a homogeneous reaction which consumes the precursor.
Moreover, it has been shown in Aviziotis et al. (2013), that an alteration of the surface
reaction rate affects not only the extend of the reaction-limited regime but also the diffusion-
limited regime.

A global, simplified reaction scheme may describe sufficiently the behavior of the
film deposition while neglecting any intermediate species. The absence of intermediate
reaction steps may lead to the loss of important information for the explanation of a steep
change in the deposition rate. The chemistry pathways involved in a CVD process is a
difficult aspect of the overall investigation, due to the unavailability of extended chemistry
libraries. The exploration of this complex part can be performed experimentally by
techniques such as mass spectrometry or temperature programmed desorption, if available.

60



Chapter 1: Formation of unary films and complex intermetallic structures with CVD: motivation,
materials and elaboration processes

Alternatively, computational modeling of a CVD process can be applied for this
investigation, by using already explored schemes, enhanced with further information such as
an additional intermediate reaction or a different Kinetic expression taking into account the
inhibition effects of a by-product on the surface (see Chapter 5 for the CVD of Fe).

Additional complexities of an Arrhenius plot are revealed when a combined process
such as the co-deposition, for the simultaneous processing of two or more metals, is
concerned. These issues are addressed in details in the next section.

1.2.2. The co-deposition process of two or more materials

We refer to co-deposition as the one-step MOCVD process involving the
simultaneous deposition of two or more metals for the production of intermetallic coatings.
The application of co-deposition for the formation of complex metallic alloys (CMAS) is in
its infancy and limited works can be found in the literature. Indicatively, it is referred the
work of Prud’homme et al. (2013) where Al and Cu are co-deposited for the formation of the
v-Al4Cug approximant phase; the formed phase found to present surface wettability similar to
that of equivalent bulk crystals. Another example is the co-deposition of Al with Pt on Ti
surfaces for the formation of various phases, such as AlPts, AlPt,, Al,;Pts which strengthen
the thermal properties of Ti6242 (Delmas, 2005; Delmas et al., 2005).

Additional constraints concerning the choice of precursors arise in the case of co-
deposition. The process strongly depends on the availability of these molecular compounds
(\Vahlas, 2010):

e Similar transport behavior; similar thermal regulation of precursors is
convenient and avoids subjecting thermally sensitive compounds to high
thermal stresses. Moreover, precursors’ flows have to be mixed at the entrance
of the reactor chamber.

e Absence of heteroatoms in the ligands which may react with the other metal.
This constraint is required even more when Al-based intermetallic compounds
are concerned. In this case, the use of oxygen-containing ligands in the
precursor molecule of the second metal results in the formation of aluminium
oxide in the films.

e Compatible decomposition schemes. The dissociation of each precursor in the
gas phase and on the deposited surface should remain unaffected by the
presence of the other precursors. In a first approach, competitive phenomena
among the precursors, such as inhibition of the growing surface by a
decomposition by-product, should be avoided since it may cause a shift in the
elemental composition of the film with regard to that of the input gas.

e Precursors from a common family of molecular compounds (e.g. amidinates)
are preferable in the MOCVD of intermetallic compounds. In this way, the
process is simplified and up-scaling is facilitated.
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A co-deposition process implies the combined reading of two Arrhenius plots. As
explained in the previous section, it is generally preferable to work in the reaction-limited
regime to prevent gas phase interactions. However, for the particular Al and Fe systems
chosen, gas phase reactions are inevitable over the entire investigated temperature range.
Moreover, the cross linked reactivity between the two metals in terms of thermochemistry
(oxidation of Al from the CO ligands) and of surface reaction® may pose additional problems
in the determination of the appropriate operating conditions. Therefore, an additional degree
of freedom is provided by the possibility to operate in a temperature window containing the
early diffusion-limited regime for one element and the late reaction-limited or even the
transition one, for the other. In such a way, the degree of incorporation of each element can
be controlled by the concentration in the input gas of the precursor (diffusion-limited regime)
and by the deposition temperature (reaction-limited regime).

1.2.3. The sequential deposition process of two or more materials

Incompatibilities between precursors may cause difficulties in the co-deposition
process. Interactions and other competitive phenomena may result, in the selected operating
conditions, in films whose compositions is shifted with regard to the targeted one or
contaminated by heteroatoms. In order to circumvent these complications, sequential
deposition in the form of bi- or multi-layers can be carried out. In this way, the involved
precursors are never in contact in the deposition chamber. Furthermore, to avoid potential
surface interactions caused by residues of the precursor used in a previous step, the reaction
chamber is evacuated between the successive steps.

Sequential deposition bypasses the requirement of working at the same operating
conditions for all the precursors. Optimum conditions for each precursor and the targeted
intermetallic phase can be applied, instead. Sequential deposition is usually followed by an
appropriately tuned annealing which leads to the formation of the targeted phases. The
process has been widely applied for the formation of intermetallic phases. Indicatively,
sequential deposition process has been performed for the formation of films containing the 0-
Al,Cu, n-AlCu and y-Al4Cug phases (Aloui et al., 2012) and the formation of Al-Pt coatings
on Ti alloy substrates (Delmas et al., 2005).

1.3. Computational modeling of CVD processes

1.3.1. Why modeling CVD?

Modeling accompanied by computational analysis of CVD processes aims at the
understanding of the prevailing mechanisms occurring during the process. It further helps in
defining the optimum operating conditions for the deposition of films with the desired

* It will be shown in the next chapters that non-optimized co-deposition results in films with low Fe content
with regard to the targeted Al,3Fe, composition.
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properties, and assists in the efficient upscaling of the process and its implementation in
production lines. Through a computational model the validity of the chemistry scheme can be
investigated and alternative schemes and mechanisms can be proposed and examined in
connection with experimental observations and measurements. The modeling procedure is of
high importance when co-deposition or sequential deposition are concerned, since it can
provide an insight on unavailable in the literature chemical aspects which cannot be
understood from simple experimental observations. In any case, experiments are driving and
feeding the models and the theoretical predictions obtained from the latter could orient
further experiments. That’s how progress is made towards illuminating the important
mechanisms of the process with further consequences, such as process control and
optimization.

Furthermore, through modeling and computational analysis of a CVD process the
preferred “operating windows” are determined, that is the values of key operational and
physical parameters vyielding the desired outcome of the process, in terms of overall
efficiency and final product quality. Indicative parameters are the feed rate of the reactants,
and the temperature and pressure in the reactor. The quality is usually determined by the
thickness of the film and its uniformity, the elemental composition and the presence of
heteroatoms and the surface microstructure, including crystallinity, grains and grain
boundaries, porosity and surface roughness. The determination of preferred operating
windows is even more important for co-deposition and sequential deposition where the
combination of individual CVD processes requires the a priori knowledge of the key
operating conditions and a consolidated process.

However, the mechanisms and phenomena involved in a CVD process may
simultaneously occur at multiple length scales, in the bulk phase of the reactor and/or on the
films’ surface. Multiple length scales cover the macroscopic scale (macroscale) of the reactor,
which is of the order of m to cm, down to the nanomorphology of the deposited film, of the
order of nm to few pum, as it is schematically presented in Figure 1.4. Thus, with regard to the
phenomena under investigation, a holistic study at all scales is required.

For these reasons and by considering that the occurrence of the nanoscale phenomena
passes through the macroscale, the development of multiscale modeling frameworks is
important (Braatz et al., 2006; Rodgers and Jensen 1997; Vlachos 2005). It allows the
investigation of phenomena occurring at the macroscopic level such as the chemical reactions
and kinetics during a CVD process and at the same time it enables defining the impact of the
macroscopic operating conditions to the nanomorphology of the films. The latter cannot be
cast within the context of a single scale, since the nanoscale model requires macroscopic
information for the surface simulations (see Chapter 3).

63



I.G. Aviziotis, Ph. D. Thesis, Chemical vapor deposition of Al, Fe and of the Al,3Fe, approximant
intermetallic phase: Experiments and multiscale simulations

INLET - PROPERTIES
= expenmental data
‘ 4 multiscale model
® 08 |- A
~ & 4 / (7; A i
N 5 04 [ -
02 i . x |

1 1
170 190 210 230 2%
T(C

Adsorption

Desorption

Diffusiah 280 ’

Growth

Multiscale Modeling

Figure 1.4: From the reactor scale to the calculation of the final film properties. Starting from the inlet and
simulating the process macroscopically including the involved chemistry (gas phase and surface reactions),
nanoscale simulations can be performed, by using computed quantities from the macroscale, which enable the
calculation of the film growth and its roughness. The illustration depicts the link between the deposition
mechanisms of Al from dimethylethylamine alane and the resulting surface roughness (see Chapter 4).

The two cases analyzed with multiscale modeling are the MOCVD processes of Al
and Fe. The analysis aims at determining the chemical pathways and kinetics involved in the
processes at the macroscopic level, simulating the surface evolution of the films at the
nanoscale, and calculating the film surface roughness. In both cases, the analysis provides
useful information for the impact of the operating conditions on the final quality of the film.
Most importantly, it leads to the selection of the proper operating windows for the co-
deposition and the sequential deposition of the two metals which is the ultimate goal. Two
different models, one for the macroscale and one for the nanoscale are required for the
description of the different simulated scales and the bridging between them is performed
through the macroscopic species concentrations calculated at the computational surface.

1.3.2. Macroscopic modeling in CVD processes

The macroscopic mathematical model is composed of the partial differential equations
describing the transport phenomena in the MOCVD reactor. The basic equations are those of
the conservation of mass, momentum and energy and have to be solved numerically for the
unknowns which are the velocity field, the distribution of pressure, temperature and species
concentrations. The basic equations are augmented with necessary constitutive equations and
they incorporate the kinetics of the chemical reactions both in the bulk (volume of the
reactor) and on the deposition surface. The approximate solution of the equations is most
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usually done with commercial software, i.e., Computational Fluid Dynamics (CFD) codes,
using various discretization schemes, most often based on the finite element and finite
volume methods. In the cases presented here, the commercial CFD software Ansys 12/ Fluent
(Fluent hereafter) (Ansys 12.1/Fluent Documentation, 2009) is used which implements the
finite volume discretization scheme (Thompson, 1985; Versteeg and Malalaskera, 2007).

1.3.3. Nanoscale modeling in CVD processes

For the description of surface processes and the evolution of the surface
nanomorphology during the deposition of a film, stochastic growth equations (Barabasi and
Stanley 1995; Voight 2004) as well as the grain-continuum approach (Bloomfield and Cale,
2004; Bloomfield et al., 2003) have been applied. In the present thesis, the widely used
kinetic Monte Carlo (kMC) stochastic modeling is employed for calculating the surface
evolution. Stochastic modeling is extensively used in deposition process simulation (Barabasi
and Stanley 1995; Barbato et al., 2007; Battaile and Srolovitz 2002; Cavallotti et al., 2004;
Chatterjee and Vlachos 2007; Kajikawa 2008; Lam and Vlachos 2001; Smy et al., 2001);
also, in the related etching processes (Drotar et al., 2000; Kokkoris et al., 2007). The
stochastic kKMC algorithm accounts for three surface events, namely adsorption, desorption
and migration (or diffusion), and the parameters required for the computation of these events
may be obtained from experimental data or from molecular dynamics simulations (Frenkel
and Smith 2002; Rapaport 2004).

1.3.4. Multiscale modeling in CVD processes

Microstructural characteristics depend on process conditions (temperature, pressure,
etc.). In turn, they affect the targeted, desired properties such as electrical resistivity
(Timalshina et al., 2015), hydrophobicity of the surface (Bormashenko et al., 2006; Bravo et
al., 2007) or adsorption of proteins (Rechendorff et al., 2006; Zhdanov 2008). Consequently,
the technological implementation of such processes with regard to targeted specifications
requires the establishment of a robust relation between process parameters and films
microstructure which, among others is characterized by the surface roughness. This can be
met through the multiscale modeling of a CVD process with the roughness as an output.

For CVD processes, transport phenomena are modeled as briefly described above.
However, the continuum description, through partial differential equations, breaks down as
the length scale approaches that relevant to the surface level. Modeling the surface
characteristics, e.g. roughness, at the same length scale used to model the bulk phase of the
reactor leads to the loss of any structural information of the evolving surface (Barbato et al.,
2007). The limitation of the use of the continuum models for the description of surface
processes and the evolution of the surface nanomorphology during the film growth has led to
the development of the above mentioned stochastic modeling and further, to multiscale
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modeling (Cheimarios et al., 2011; Christofides et al., 2008; Crose et al., 2015; Lam and
Vlachos 2001; Rodgers and Jensen 1998; Zhang et al., 2010).

In multiscale models, the reactor scale is linked to the surface level through the
feeding of computational information. Among the first efforts for the one-way linking of
deterministic macroscopic models with stochastic KMC models are those which refer to the
CVD of diamond (Battaile et al., 1998; Battaile and Srolovitz, 2002; Srolovitz et al., 1997),
while efforts for the bi-directional coupling of the two different scales are reported for CVD
processes taking place in a vertical reactor without using any specific chemical system
(Raimondeau and Vlachos, 2000). In the latter, due to the low concentration of the precursor,
the continuum equations are solved decoupled. At the macroscopic level, the partial
differential equations are reduced to one-dimensional, whereas only one “communication”
node in the macroscopic computational domain is used for passing the necessary information
to the nanoscale simulations.

A multiscale framework for the CVD of Si is reported in Masi et al. (2000). In this
case, only the species transport equations are solved at the macroscopic level and the kMC
model does not account for the formation of dimers, which is a characteristic of Si surfaces.
The linking between the two scales is performed through the deposition rate, by assuming
that it remains unchanged regardless the scale of simulation. The same assumption has also
been used in a work for the CVD of diamond (Grujicic and Lai, 2000). These studies
confirmed that, process conditions such as deposition temperature and molar fractions of the
reactants in the inlet gas mixture have significant effect on the deposition rate and on the
surface roughness of the films (Lam and Vlachos, 2001).

More recently, the coupling of different scales has been attempted for the multiscale
modeling of the Si deposition process (Barbato et al., 2007; Cavallotti et al., 2004; Cavallotti
et al., 2005). There the KMC model takes into account the adsorption of multiple molecules
and the formation of dimer structures. Finally, multiscale frameworks are also developed for
plasma-enhanced CVD; indicatively, the formation of Si thin films for solar cells (Crose et
al., 2015) involves a macroscopic model that consists of the 2D conservation equations and a
hybrid kMC model which accounts for additional events on the surface, such as hydrogen
abstraction (Tsalikis et al., 2013).

In this thesis, the multiscale computational framework is based on the assumption that
the deposition rate remains unchanged regardless the scale at which it is calculated. At the
macroscopic level, steady-state, 3D simulations are performed for the solution of the
conservation equations and the computational information which is fed to the nanoscale is the
mass fraction of the reactants, containing the solid metal, at the surface level. The derived
kMC algorithm for the description of the nanomorphology state is developed based on an
existing model (Lam and Vlachos, 2001). Through this framework, the MOCVD processes of
Al and Fe films are investigated by focusing on the involved kinetics and the deposition rate
(macroscale) and the surface roughness (nanoscale). The two latter are compared with
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experimental data obtained in similar conditions for the determination of operating conditions
with regard to the co-deposition and the sequential deposition of the two metals.

1.4. The MOCVD of aluminum thin films

1.4.1. Precursors for Al deposition

The precursor for the MOCVD of Al, should fulfil the majority of the criteria
described above. Various precursors have been reported in the literature between years 1980
and 2000 for the MOCVD of Al films. Among them, the triisobutylaluminum (TIBA), the
dimethylaluminum hydride (DMAH), the trimethylaluminum (TMA), the trimethylamine
alane (TMAA), the triethylamine alane (TEAA) and the dimehtylethylamine alane (DMEAA)
are the most widespread used.

TIBA has been extensively studied as a precursor for deposition of Al films in the
temperature range 200°C — 400°C (Bent et al., 1989; Green et al., 1984; Kobayashi et al.,
1988; Sekiguchi et al., 1988). The rate-determining step in the deposition of Al involves
cleavage of the AI-C bond by a B-hydrogen elimination, but a competitive B-methyl
elimination becomes significant at temperatures around 300°C yielding C-contaminated films
(Bent et al., 1989). The deposition of Al from TMA suffers also from C-contamination of the
films, since the direct Al-C bond in the precursor molecule is sufficiently strong to render
simple bond homolysis ineffective as a mechanism leading to metallic Al (Luo and
Gladfelter, 2009). The DMAH has been used to deposit high purity Al films (Amazawa,
1998; Kondoh and Ohta, 1995; Naik et al., 1998; Tsubouchi et al., 1990; Zhu et al., 1992).
Depositions occur at elevated temperatures that is, greater than 270°C for blanket coverage of
various substrates and between 230°C — 270°C for selective deposition (Tsubouchi and Masu,
1992). In addition, above 350°C, carbon incorporation into the film becomes significant.
Beside these problems, the handling of the precursor per se is difficult, since DMAH
undergoes a polymerization at the liquid state and at room temperature thus, increasing its
viscosity at high levels (close to that of honey) (Lee et al., 1999).

Interest in amine alanes such as TMAA, TEAA and DMEAA is motivated by the
requirement of producing C-free films, since these molecular compounds contain only a weak
Al-N and three Al-H bonds. Tertiary amine groups do not bind strongly at the surface, the
hydride ligand undergo facile elimination through the H, desorption from the surface and
high crystalline Al films are obtained (Beach et al., 1989; Gladfelter et al., 1989; Simmonds
et al., 1991; Simmonds et al., 1994). Due to the presence of weak bonds, deposition
temperatures are significantly lower than for other precursors, at about 100°C (Simmonds et
al., 1994). Among the amine alanes, DMEAA is preferred due to its liquid state comparing to
the solid state of TMAA which facilitates its evaporation and transport (Frigo et al., 1994;
Simmonds et al., 1991), the easier dissociation of the Al-N bond comparing to the TEAA
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(Frigo et al., 1994), the lower pyrophorocity compared to other alkyl aluminium precursors
and its relatively high vapor pressure (Yun and Rhee, 1998).

1.4.2. The DMEAA precursor

The physical and chemical properties of DMEAA are presented in Table 1.1.
DMEAA meets most of the selection criteria for an MOCVD precursor. Although it can be
stored easily in a refrigerator at temperatures below 5°C (freezing point), it requires careful
handling due to its pyrophoricity and it is of relatively high cost. Its vapor pressure is given
by the following relation (Frigo et al., 1994):

log| P(Torr)]=10.85-3080/T (K). (1.1)

This relation corresponds to relatively high vapor pressures for DMEAA, e.g. 0.7 Torr at 7°C.
DMEAA is maintained permanently at 3°C with a cryostatic regulator and during the
deposition process it is regulated at 7°C, to achieve the targeted vapor pressure. The
evaporation and the transport of the precursor are described in detail in Chapter 2 (see
§2.1.15.).

Table 1.1: Physicochemical characteristics of DMEAA.

Name Dimethylethylamine alane
Identification CAS Number 124330-23-0
Appearance Colourless liquid

Chemical characteristics

Chemical formula

(CH3)2(C2H5)N -Al H3:C4H14NAI

Molecular structure

Tertiary amine ligand

C i C H N Al
omposition 4658% 13.68% 13.58% 26.16%
Molecular weight 103.14
Degradation in normal conditions of P

Chemical stability

and T

Decomposition products

Dimethylethylamine (DMEA), alane
(AlH3), solid aluminium (Al) and
molecular hydrogen (H,)

Density 0.78 g/cm®
. . T °
Physical characteristics Tm 5C
R -
Solubility Violent reaction with air and water
Material is extremely destructive to
Toxicity tissue of the mucous membranes and
Security upper respiratory tract, eyes, and skin.
L Auto-ignition with air contact,
Pyrophoricity

explosive with water contact

The DMEAA molecule, which is shown in Figure 1.5, consists of an alane group

(AlIH3) and an amine group where the nitrogen is connected with two methyl- (CH3) and an
ethyl- group (C,Hs). DMEAA belongs to the tertiary amine family and its structure, with an
Al-N bond between the AlH; and the amine group, is similar to trimethylamine alane
(TMAA) and to triethylamine alane (TEAA). The weakness of the AI-N bond in the
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precursor molecule results in the facile decomposition of the precursor, thus significantly
lowering the Al deposition temperature.

Figure 1.5: The molecule of DMEAA: the Al atom is coloured in light blue, the N atom in blue, the C atoms in
black and the H atoms in white.

Due to the absence of direct bonds between Al and C, DMEAA produces C-free Al
films, which was the critical problem leading to wire breakages in USLI circuits (Nakajima et
al., 2003). Moreover, the weak bond between the AIH; group and the alkyl amine
((CH3)(C,Hs)N — DMEA) is dissociated easily at temperatures as low as = 100°C with the
organic by-product, DMEA, being inactive (Neo et al., 1999). However, the precursor is
thermally unstable above its melting point and it undergoes degradation when it is stored for
long periods even below its melting point. Thus, during the thesis three loads of 50 g of the
precursor are used, for each series involving Al deposition.

1.4.3. Decomposition schemes of DMEAA

The behavior of DMEAA during the CVD of Al has been extensively studied and
reported in the literature and several pathways of the gas phase and the surface decomposition
of the precursor have been proposed to explain certain experimental observations (Han et al.,
1994; Jang et al., 1998; Kim et al., 1996; Nakajima et al., 2003; Simmonds et al., 1994;
Xenidou et al., 2010; Yun et al., 1998b). Among them, the most commonly used is
schematically described in Figure 1.6 and it follows the similar decomposition schemes of
TMAA (Dubois et al., 1990) and TEAA (Dubois et al., 1991).

The precursor can be decomposed in the gas phase for the production of AlH3 and
DMEA. This reaction has been confirmed by performing Fourier Transform Infrared (FTIR)
analysis (Yun et al., 1998b). AlH3; gas may undergo a polymerization which includes the
formation of monomer, dimer and trimer intermediates and produces Al particles in the gas
phase (not shown in the cartoon of Figure 1.6) (Yun et al., 1998b). The non-decomposed
precursor is adsorbed on the surface by presenting the basis of the tetrahedron corresponding
to the AlH3 part. It is then separated from the amine and momentarily adsorbed on the surface
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prior desorption. The AlH3 lose the three hydrogen atoms which migrate on the surface and
combine with each other to form molecular hydrogen desorbed from the surface. The rate
limiting step of this process is either the decomposition of DMEAA on the surface (rate
determining step of TMAA) or the desorption of molecular hydrogen from the surface (rate
determining step of TEAA) or a combination of these two surface steps.
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Figure 1.6: Decomposition pathway of DMEAA (Simmonds et al., 1994).

A different decomposition mechanism is proposed in Nakajima et al. (2003) including
successive dehydrogenation steps of the AlH3 until the deposition of Al. In this thesis, the
decomposition mechanism described above is examined for the prediction of the behavior of
the Al deposition rate in the investigated temperature range. The decomposition paths of the
MOCVD of Al from DMEAA as well as the kinetics describing these mechanisms are
investigated in terms of macroscopic modeling in Chapter 4.

1.5. The MOCVD of iron thin films

1.5.1. Precursors for Fe deposition

Various Fe metalorganic precursors have been studied for the deposition of Fe films.
The ferrocene (FeCP,, Cp:cyclopentadienyl) and the Fe(COT)(CO); (COT: cyclooctatetraen)
have been tested for the production of Fe-C:H films and not for pure Fe films (Luithardt and
Benndorf, 1996). The binuclear compound bis(u-tetracarbonyl-n-cyclopentadienyl) iron
(FeoCp,(C0O),) is a solid state precursor which requires high sublimation temperature (80°C—
120°C) and high deposition temperatures (280°C—300°C) for the deposition of fairly pure (=
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97%) Fe films (Feurer et al., 1988). The Fe bis(trimethyl)sylylamido molecular compound
(Fe[N(SiMes)2])s also requires high temperatures for sublimation and deposition and the
resulting Fe films are less pure than previously (Baxter et al., 1995). Thus, both Fe,Cp,(CO),4
and Fe[N(SiMes),]s operate at higher deposition temperatures than those admitted for the
MOCVD of Al from DMEAA; a compatibility problem for co-deposition.

More recently, a limited investigation of Fe(ll) dihydrides and [(arene)(diene)Fe(0)]
compounds as MOCVD precursors for Fe deposition has been reported. The
H,Fe[P(OCHs)s]4 and the HoFe[P(CHs)s]4 of the dihydrides family, have been found to result
in either Fe+Fe30, or pure Fe films, respectively, within the temperature range 230°C-280°C
(Park et al., 2006). Precursors such as [(1,3-cyclohexadiene)(toluene)Fe(0)] of the
[(arene)(diene)Fe(0)] category deposit films in lower to moderate temperatures. Yet, the films
consist mostly in iron oxides and the deposition duration is in the range of 4 h — 8 h to a
measurable thickness (Michkova et al., 2010). MOCVD processes of iron amidinate
precursors such as  [Fex(u-PrMeAMD),(n%-'PrMeAMD),] or [Fe(‘Bu-MeAMD),]
(AMD:acetamidinate) yield Fe carbide or Fe nitride films (Krisyuk et al., 2010), although
their application in ALD processes results in pure Fe films (Lim et al., 2003). Moreover, the
Fe(Il) amidinate precursors are extremely sensitive to air and light (Gottlieb-Schoenmeyer et
al., 2010) and thus, a careful and difficult handling is required.

Iron pentacarbonyl (Fe(CO)s) is a widely studied molecular compound which
provides high vapor pressure at room temperature (Lane et al., 1999) thus, facilitating its
transport into the reactor chamber. Furthermore, its deposition temperature is compatible with
that of DMEAA. Despite the existence of Fe-C bonds, Fe(CO)s leads to pure Fe films with C
and O contaminants at the level of a few at% (Jackman and Foord, 1989).

1.5.2. The Fe(CO)s precursor

The physical and chemical properties of Fe(CO)s are presented in Table 1.2. Fe(CO)s
meets most of the selection criteria for a MOCVD precursor as well as the additional
constraints set by its co-deposition with DMEAA. The main drawback is that it contains C
and O heteroatoms which may lead to undesired contamination of the film and to oxidation of
Al. Also, its storage is difficult since it requires very low temperatures (ideally, lower than -
20°C which is its freezing point). However, it can be stored in a refrigerator, at 0°C, where
the lower vapor pressure limits the high degradation rate of the precursor sufficiently. The
weakness of the Fe-CO bond has an impact on the thermal stability of the precursor and
renders it unstable; it yields a high vapor pressure of 22 Torr, at 20°C, as calculated by the
following formula (Gilbert and Sulzmann, 1974):

log[ P(Torr) | =8.4959 - 2096.7 /T (K). (1.2)

When evaporated from a bubbler (see §1.4.3.), Fe(CO)s is maintained permanently at -18°C
with a cryostatic regulator. However, even at this low temperature the precursor has a
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relatively high vapor pressure (1.88 Torr — see §2.1.1.5.). The evaporation and the transport
of the precursor are described in detail in Chapter 2 (see §2.1.1.5.). The precursor is also light
sensible and it degrades when it is stored for long. Thus, additionally to low temperature

conditions, its contact with light should be prevented during storage.

Table 1.2: Physicochemical characteristics of Fe(CO)s.

Name Iron pentacarbonyl
Identification CAS Number 13463-40-6
Appearance Yellow to dark red liquid
Chemical formula CsFeOs or Fe(CO)s
Molecular structure trigonal bipyramidal
Composition ¢ © Fe
Chemical characteristics _ 30.66% 40.84% 28.50%
Molecular weight 195.9

Chemical stability

Unstable at room temperature

Decomposition products

CO, Fe(CO),, Fe(CO)3, Fe(CO),,
FeCQ, solid iron (Fe)

Density 1.453 glem®
Tm -21°C
. - T 103°C
Physical characteristics Degradation in the presence of air or
Solubility moisture — Flammability/pyrophoricity
danger.
Highly toxic vapors; irritation of the
Toxicity upper respir_atory t_ract, eyes, sk!n;
injury of liver, kidneys, lungs;
Security headache, dizziness, nausea.
Pyrophoric in air; dangerous fire risk;
Pyrophoricity may be ignited by heat sparks or

flames.

The Fe(CO)s molecular compound, which is shown in Figure 1.7, belongs to the
general family of metal carbonyls. It has a slightly distorted trigonal-bipyramidal geometry
and it consists of an Fe atom surrounded by five CO ligands, three in equatorial position and
two axially bound, where each of the Fe-C-O linkage is linear.

eq

ax

Figure 1.7: The Fe(CO)s molecule. The Fe atom is coloured in purple, the C atoms in black and the O atoms in
red. The ax and eq notation stands for the equatorial and the axial position of the CO ligands.
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Within the molecule, the Fe-CO bond is relatively weak and this low strength renders the
compound volatile and facilitates the deposition process. This fact along with the
symmetrical structure of the compound and its charge neutrality, renders Fe(CO)s highly
volatile (Braga et al., 1993; Mathey, 2013).

1.5.3. Decomposition schemes of Fe(CO)s

The behavior of Fe(CO)s during the CVD of Fe has been extensively investigated in
the literature. Various pathways for the decomposition of the precursor in the gas phase and
at the surface have been proposed to explain the experimental observations and the molecular
structure of the Fe(CO)s compound and its intermediates (Carlton and Oxley, 1965; Jackman
and Foord, 1989). The simplest mechanism involves the one-step surface dissociation of the
precursor to metallic Fe and five adsorbed CO ligands (Carlton and Oxley, 1965). The
kinetics applied for this simple mechanism includes a Langmuir-Hinshelwood type
expression, where the precursor is adsorbed and dissociates on the surface under specific
activation energies and the produced CO as well as the precursor which has not decomposed
may inhibit the deposition surface.

However, this scheme seems unlikely to occur since the Fe(CO)s compound can be
decomposed even at room temperature. More detailed reaction pathways include the
successive decarbonylation steps of the precursor to the formation of metallic Fe (Barnes et
al., 1991; Gonzéles-Blanco and Branchadell, 1999; Lewis et al., 1984; Seder et al., 1986; Xu
and Zaera, 1994; Zaera, 1991). The Fe(CO)s starts decomposing in the reactor but close to the
deposition surface, where the temperature is elevated, and the first step yields the formation
of gaseous Fe(CO), and CO (Gonzéles-Blanco and Branchadell, 1999; Xu and Zaera, 1994).
The intermediate tetracarbonyl compound dissociates into Fe(CO); and CO due to the high
rate of this reaction (Dateo et al., 2002). Thus, Fe(CO), is totally converted to the tricarbonyl
compound. The Fe(CO); loses one more CO group for the gas phase production of Fe(CO),
and CO and the same holds for the dicarbonyl compound which provides FeCO and CO
(Barnes et al., 1991; Gonzales-Blanco and Branchadell, 1999). The dicarbonyl, tricarbonyl
and tetracarbonyl intermediate compounds can also undergo recombination reactions with the
gaseous CO groups in a backward reaction scheme (Seder et al., 1986). The rates of the
recombination reactions of Fe(CO), and Fe(CQO); are much higher than that of the
recombination reaction of Fe(CQO),, since the latter is spin forbidden as reported in Seder et
al. (1986). The FeCO compound has not been reported to recombine with CO for the
formation of Fe(CO),.

The quantity of Fe(CO)s which is not converted to Fe(CO), undergoes a surface
decomposition to metallic Fe and 5 adsorbed CO groups which may saturate the surface
(Carlton and Oxley, 1965; Jackman and Foord, 1989; Zhang et al., 2016). Moreover, the
intermediate compound Fe(CO); can decompose on the surface to metallic Fe and adsorbed
CO (Xu and Zaera, 1994). The same occurs for FeCO (Dateo et al., 2002; Ricca, 2001). In all
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these surface steps, the presence of the adsorbed CO group may act as an inhibitor to the
deposition of pure Fe (Zhang et al., 2016). Due to the high energy barrier required for the gas
phase dissociation of Fe(CO), into FeCO and CO (Gonzales-Blanco and Branchadell, 1999),
the surface decomposition of FeCO is negligible.

The presented decomposition path of the MOCVD of Fe from Fe(CO)s along with the
involved Kinetics describing these mechanisms are used in the macroscopic modeling in
Chapter 5.

1.6. Formation of Aly3Fe, intermetallic compounds by MOCVD

1.6.1. The AlssFe, intermetallic structure

It has been recently reported that the monoclinic, m-AljsFe, intermetallic structure,
which follows the site-isolation concept, has advantageous catalytic properties that is, high
activity and selectivity, for the semi-hydrogenation of acetylene to ethylene for polyethylene
production (Armbruster et al., 2012). This structure follows site-isolation concept: Fe atoms
are isolated in highly-coordinated Al clusters. These smaller active sites allow only a limited
number of adsorption configurations, which potentially leads to a smaller number of by-
products and higher selectivity towards ethylene. In addition, as the majority of complex
metallic alloys, Al;sFe, is a structurally ordered metallic phase, which comprises covalent
bonding making the structure more stable and reducing segregation. Its unit cell is composed
of 102 atoms (78 Al and 24 Fe atoms) shared between 2 flat (17 Al/8 Fe atoms) and 2
puckered (22 Al/4 Fe atoms) layers stacked in the decagonal quasicrystal structure (Ledieu et
al., 2013; Matilainen et al., 2015). In this sense, m-AlyzFe, is an approximant of the
decagonal quasicrystal. The Fe atoms in the flat layers form rhombi and two types of
pentagons. The atomic structure of the puckered layers can be interpreted as composed of
pentagons and additional, dubbed Al atoms which operate as glue atoms as shown in Figure
1.8a (Ledieu et al., 2013). The individual Al pentagons are paired to form a bipentagonal
motif. The Fe atoms are located slightly below or above the mean plane of the pentagons. The
individual Fe-centered, Al pentagon corresponds to either the bottom or the top cap of a
“pentagonal bipyramid” clusters suggested by Black (1955) and Grin et al. (1994) for the
geometrical description of the AlisFe4 bulk structure.

Figure 1.8b shows a 3D view of the m-Al;sFe, structure (Armbrister et al., 2012),
where the Fe atoms are either solely coordinated by Al or arranged in Fe-Al-Fe groups
located in the cavities of the three dimensional Al framework (Grin et al., 1994). This results
in a complete encapsulation of the potential active transition-metal sites by Al atoms, thus,
following the site-isolation concept. Furthermore, segregation is significantly decreased by
the covalent bonding presented in this particular phase of the intermetallic structure yielding
a structural stability. In turn, the resulting structural stability can preserve the geometric
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arrangement under reaction conditions and prevents the formation of hydrides, thus, leading
to higher durability.

The m-AlysFeq intermetallic phase is preferable for the catalytic semi-hydrogenation
of acetylene over conventional catalysts such as palladium (Pd). Pd is a highly active catalyst
for this reaction, and is alloyed with silver on Al,O3 supports to decrease the size of the active
sites (Konvir et al., 2007; Konvir et al., 2009; Osswald et al., 2008). However, the catalyst
presents limited selectivity due to random arrangement of the atoms leading to a partial
isolation of the active sites from each other and to segregation of the alloy. This results in the
creation of larger active sites with time on stream and subsequently to the deactivation of the
catalyst because of the formation of carbonaceous deposits. Moreover, comparing to other
intermetallic structures, such as the palladium-gallium (Pd-Ga) system, the AlysFe, phase
provides a cheap solution for the replacement of the precious, noble metals, without any
potential health risks, as for example the nickel (Ni) structures.

Figure 1.8: Representation of the structure of the m-Al;sFe, crystal. () A puckered layer of the crystal (Ledieu
et al., 2013). Black and light grey spheres correspond to Al atoms forming bipentagonal motifs. Red spheres
stand for the Al operating as glue atoms. Fe atoms are located above (hatched circles) or below (empty circles)

the mean plane position. (b) A 3D view of the AlysFe, unit cell (ArmbrUster et al., 2012). Large and small green
spheres represent the Al atoms and blue spheres the Fe atoms. The representation of the unit cell emphasizes the
structurally isolated Fe-Al-Fe units.

1.6.2. Processing Al-Fe by MOCVD for Al,3Fe, supported catalysts

In the work of Armbrister et al. (2012), the Al;3Fe, was synthesized from Al and Fe
metals with a process described in Gille and Bauer, (2008) to form a single crystal. In
contrast to the commercial Pd/Al,O3 supported catalyst which is optimized for the semi-
hydrogenation of acetylene to ethylene, the AlisFe, used for the same application is a single
crystal without any engineering optimization. It is expected that optimization of the complex
intermetallic phase in terms of supporting the material may lead to an even better catalytic
performance. The supporting Al;sFe, phase will confer multifunctionalities to advanced
materials required by industrial sectors and functionalization of complex surfaces. To ensure
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the industrial prerequisites, an appropriate method should be selected for the formation of
films containing the m-Al;sFe, intermetallic phase.

Several studies are devoted the formation of intermetallic phases in the Al-Fe system
(Csanady et al., 1988; Haidara et al., 2012; Teixeira et al., 1987; Teixeira et al., 1989).
Various deposition techniques have been applied to obtain Al-Fe intermetallic coatings,
including thermal spraying and magnetron sputtering (Haidara et al., 2012; Kumar et al.,
2006; Yang et al., 2011), self-propagated high-temperature synthesis (SHS) (Azem et al.,
2011; Godlewska et al., 2003), 3D laser cladding (Shishkovsky et al., 2013; Zhao et al.,
2012), selective laser melting (SLM) (Dadbakhsh and Hao, 2012; Song et al., 2012), gas
detonation spraying (Senderowski, 2014) and mechanical alloying (Canakci et al., 2013).
Despite the effective production of Al-Fe intermetallics, these methods suffer a number of
drawbacks, such as the creation of sponge-like structures because of rapid and violent phases
transformations during the reaction synthesis, technical difficulties related to considerable
differences in the physical properties of the substrate and the coating materials (e.g. their
melting points and bonding properties), uncertainties about keeping the particles of the
powder feedstock in the solid state while reaching a temperature at which they undergo
softening and high connection strength due to difference in the temperature expansion
coefficients of the coating and the base layer.

Furthermore, catalytic processes require high surface to volume ratio of the catalytic
material and for this reason, processing of Al-Fe films on supports is even more desired. By
operating at low to moderate temperatures, i.e., in the vicinity of the reaction-limited regime,
MOCVD processes can meet the requirements for the processing of such coatings on
complex, non-line-of-sights surfaces and powders.

At first, a trial for the direct, one-step co-deposition process is attempted. For the co-
deposition, an operating window of the two involved precursors is identified. In particular, a
deposition temperature and a reactor pressure are chosen in such a way that the deposition is
performed in the reaction-limited regime. However, the lack of data concerning the
interactions between the two precursors during the co-deposition is a major limitation and
prevents the a priori foresight of the resulting structures. For these reasons, at a second step a
two-step process is performed. That is a sequential deposition of Al and Fe in the form of
layer by layer deposition, followed by an appropriate in situ thermal annealing. The
sequential deposition is more easily tuned although it consists of more than one step.

Both processes and the resulted films are presented in detail in Chapter 6. Coatings
deposited under various process conditions are characterized by several techniques for the
determination of the elemental composition, the structure and microstructure, and to identify
the formation of the desired m-AlsFe, complex intermetallic phase.
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Summary-Conclusions

The purpose of this thesis is the implementation of a CVD technique for the
processing of Al-Fe intermetallic films and specifically, for the deposition of the m-AlisFe,
approximant phase which exhibits the multifunctionalities of intermetallic structures,
including catalytic properties. To this direction, a co-deposition and a sequential deposition
process are applied.

The pillars on which a successful CVD process is based are the proper selection of
precursor molecular compounds, the proper design of the reactor and the insight in and
control of the various phenomena occurring during deposition. All of these aspects are
inherently connected with the outcome of the CVD and are summed up in the Arrhenius type
plots. The latter is very important for a CVD process since it enables the determination of
distinct regions where the surface reaction, the diffusion and other competitive phenomena
dominate the process. CVD is an advantageous technique, since it provides relatively thick
films at reasonable process time, conformally deposited on complex surfaces.

Before proceeding to co- or sequential deposition, the MOCVD of the unary films of
each metal, Al and Fe, should be examined. To begin with, DMEAA and Fe(CO)s are
selected among a large number of Al and Fe precursors, respectively, due to the fact they
meet most criteria that molecular precursors should fulfill. Several pathways for the
decomposition of the two precursors have been proposed in the literature and examined in
this thesis.

This investigation is performed by modeling the MOCVD processes of the two
metals. The modeling is carried out at different scales. Chemical mechanisms and their
corresponding kinetics at the reactor scale are studied by macroscopic modeling, based on the
continuum assumption and on the basic equations of the conservation of mass, momentum
and energy. On the other hand, for the study of the surface nanomorphology, multiscale
models are applied, which link the reactor scale with the nanoscale of the surface. Multiscale
simulations enable the calculation of the evolution of the film surface and of surface
properties such as roughness.

77






Chapter 2: Experimental materials and methods

Chapter 2 presents the setup of the MOCVD reactor where the depositions of unary and
complex metallic films are performed. Experimental techniques such as the regulation of the
temperature, the pressure are described in detail and the evaporation and the injection
systems used for the transport of the precursors in the reactor, are thoroughly presented.
Furthermore, the protocols applied for the preparation of the samples prior deposition, the
MOCVD process per se and the procedures followed after the deposition are given in detail.
The chapter finishes with the description of the techniques used for the analysis of the
structure, the microstructure and chemical composition of the deposited films and the short
presentation of the setup of the catalytic tests.
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2.1. Experimental techniques

2.1.1. The concept of the reactor

The reactor is designed to meet the specifications and to better reproduce the
MOCVD of unary and complex metallic films in static configuration. Figure 2.1 shows a 3D
schematic of the MOCVD reactor designed with the commercial software CATIA®, on which
the various modules of the reactor and the degrees of freedom are indicated. Each part of the
system is removable in order to be cleaned as for the case of tubing or viewports of the
reactor chamber, to be replaced if needed (e.g. a broken mass flow controller) and to be
loaded with the appropriate precursor (bubbler for DMEAA and bubbler or DLI system for
Fe(CO)s). The MOCVD system has been successfully tested for the deposition of unary as
well as binary metallic films (Aloui et al., 2012; Krisyuk et al., 2011; Xenidou et al., 2007;
Xenidou et al., 2010). It has been modified to meet the requirements of the MOCVD
processes presented in this thesis.

- L/r evdp‘rxat’on
—
'y “"'1 T ’
, | ! Pumping
: system
Mass flow
controllers

Figure 2.1: 3D design by CATIA software of the MOCVD reactor used for the deposition of unary and
intermetallic films.

The flow chart of Figure 2.2. of the MOCVD system shows all the gas lines, the
vacuum system, the evaporation and the DLI systems, the exact position of the valves and the
control of pressure and temperature.
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Figure 2.2: The detailed flow chart of the MOCVD system used for the deposition of Al and Fe unary films and
Al-Fe intermetallic structures.

2.1.1.1. The main body of the reactor

A photograph of the reactor chamber is shown in Figure 2.3a. The chamber consists
of a vertical cylinder with double stainless steel walls and three windows, two at the side
walls and one at the front, allowing the operator to do several observations inside the reactor,
such as the change of the color of the substrates during a deposition process or any possible
problems occurring during the MOCVD process. The chamber was provided by the company
MECA 2000 and the regulation of temperature is ensured by silica oil circulation (Fischer
Scientific) thermostated by POLYSTAT 36. Thus, it is possible to work at cold, warm or hot
walls with regard to the applied process and up to 205°C where the silica oil degrades. Figure
2.3b depicts the gas flow of the input mixture (white arrows), entering the reactor from its
upper part and coming out from an exit at the bottom part which allows the evacuation of the
by-products and of the non-consumed reactive gas-phase by the pump.
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(CO)s DLI l

Figure 2.3: Photograph of the main body of the MOCVD reactor (a) and a 3D design (CATIA) of the reactor
chamber (b). The white arrows show the flow of the gas mixture from the inlet of the reactor to its outlet.

Inside the reactor (Figure 2.4a), the substrates are placed on a 58 mm diameter
metallic, substrate holder, susceptor hereafter, heated by a resistance coil gyred just below
the surface. In the presence of a perforated shower plate which is facing the substrates, a
homogeneous distribution is ensured; in contrast a large recirculation zone sets in when the
shower plate is absent (Xenidou et al., 2010). The shower plate’s diameter is 60 mm and its
thickness 1mm:; it is perforated by 1450 holes of 0.76 mm diameter each (Figure 2.4b). The
optimum distance between the susceptor and the shower plate is fixed at 15 mm. It has been
verified that at this position, the temperature of the susceptor is not influenced by the
presence of the shower plate (Aloui, 2012). All the dimensions of the reactor are presented in
detail in Chapter 3 (83.1.1.).

Figure 2.4: Inside the reactor chamber. (a) A photograph showing 5 substrates placed on the susceptor during
Al/Fe sequential deposition and the shower plate facing them. (b) A photograph showing the shower plate with
the holes which homogenize the flow.
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2.1.1.2. Regulation of the temperature

Temperatures of the walls, of the lines (if needed) and of the susceptor are controlled
by PID regulators. In particular, the deposition temperature is regulated by a thermocouple
connected to a PID controller and attached to the down part of the susceptor. Due to the
thickness of the susceptor and the thermal conductivity of the substrates, the imposed
temperature is different than the actual one on the surface of the substrates. A calibration is,
thus, required for a proper control of the deposition temperature during the process. The
calibration is performed by attaching a second thermocouple on the surface of the substrates
under temperature and flow conditions similar to those used for the desired MOCVD process
and under atmospheric pressure, since the front window of the chamber is open to pass the
second thermocouple. Figure 2.5 presents the calibrated temperature as a function of the set
temperature, corresponding to three different substrates, namely silicon, Si (black line), glass
(orange line) and thermally oxidized silicon, SiO; (green line). Additional measurements at
the high temperatures are performed for glass and SiO, substrates since a post deposition
thermal annealing process is adopted in some cases. The equations correspond to the plotted
trendlines of each type of substrates and provide the actual deposition temperature for a set
value of the regulator.
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Figure 2.5: A plot showing the calibration of the deposition temperature, i.e., the actual Ty.ce as a function of
the Teonwoner- Calibration is performed for Si substrates (black line with symbols), glass substrates (orange line
with symbols) and SiO, substrates (orange line with symbols). For the targeted Ty .ce Where the deposition will
be performed, the equations corresponding to the trendline of each calibration are solved to define the T controrter-

It is observed that in all cases the actual temperature on the surface of the substrates is
lower than the set one and especially in the case of the glass due to its thickness (2 mm
compared to 1 mm for Si and SiO, substrates). As temperature increases the differences are
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even higher, since the thermal conductivity is inversely proportional to the temperature
(Barton and Guillemet, 2005; Glassbrenner and Slack, 1964). It is therefore straightforward
that a non- or an inappropriate calibration of the deposition temperature may lead to
misguided results.

Another important factor is the temperature of the gas phase in the reactor since it has
a key role in the decomposition rate of the precursors and/or the interactions among them.
However, the experimental calibration and the monitor of the gas phase temperature is not
possible with the available tools and its definition is limited to the computational
determination of the temperature gradient inside the MOCVD reactor (Chapter 4 and 5).

2.1.1.3. Pumping system - Regulation of the pressure

Pumping is ensured by a two-stage system composed of a turbomolecular pump and a
primary backing pump in series. A Pirani gauge (pressure range 3.8 x10° — 75 Torr)
connected to its electronics indicates the primary vacuum. A Penning gauge (pressure range
10° — 6.8 x 10 Torr) enables the monitoring of the secondary vacuum. The pumping
system allows a base pressure of 3.8 x 10° — 7.5 x 10 Torr before every deposition
experiment, a value which ensures a clean reactor. After this step, the turbo pump is turned
off. The working pressure of the reactor, Presctor, during depositions is regulated by an MKS
system consisting in a Baratron gauge (pressure range 1 — 760 Torr) connected to a butterfly
valve at the upstream of the primary pump, through a pressure controller. The opening
percentage of the butterfly valve varies with the set pressure, the gas flow rates in the reactor,
the conductance of the system and the capacity of the pump. For example for a set Preactor=10
Torr and by considering the gas flow rates during Al (Chapter 4) and Fe (Chapter 5)
depositions and the properties of the system and the pump, the butterfly valve is 33% open.
The Penning and the Baratron gauges are placed at the exit of the main reactor chamber while
the Pirani gauge is located close to the primary pump (Figure 2.2).

At the outlet of the reactor chamber, the by-products of the precursors’ decomposition
and the remaining of the reactive gas-phase that is not consumed during the experiments are
trapped in a stainless steel vessel with double walls containing liquid nitrogen, for the
protection of the pumping system. The cold trap system includes two speedy valves at its
inlet and its outlet allowing its isolation for cleaning after a series of depositions.

2.1.1.4. Regulation of the gas flows

The flow rates of the dilution gas, Ny, as well as of the carrier gas of DMEAA, Na,
and the gas reagent, H, (99.995% Air Products), are regulated using MKS mass flow
controllers (range 0 — 500 sccm, 0 — 50 and 0 — 50 sccm, respectively) connected to a
computer where values are set. The carrier gas, N, flowing through the Fe(CO)s precursor is
controlled by a 4™ MKS controller connected to the computer, with mass flow rate range of 0
— 25 scem, since less quantity of the Fe precursor is required to be sent in the reactor. The
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three N, lines are fed by the same cylinder (99.9992% Air Products) and split into three
independent lines at the entrance of the reactor chamber, while the H; line is directly
connected to the dilution N line.

2.1.1.5. Evaporation and injection systems
A. DMEAA

The selection of the evaporation and the transport system is of crucial importance,
especially for precursors sensitive to air and moisture, such as DMEAA. There exist several
systems to evaporate liquid precursors and transport them by the carrier gas within the reactor
chamber, which are summarized in a recent review. Among them, the evaporation and the
transport of DMEAA by a bubbler is applied (Vahlas et al., 2015).

DMEAA is disposed within a double-wall glass container, equipped with a 3-valve
bypass system (Figure 1.6) which allows observing the state of the precursor and prevents its
degradation, as opposed to the case of stainless steel containers. The glass bubbler includes
also a flexible branch made of PTFE, in order to stand mechanical stretching caused by
thermal heating without breaking.

Flexible PTFE tube

Inner tube

Liguid p'ewﬁm

Figure 2.6: A design of the glass bubbler applied for the evaporation and the transport of DMEAA, with the
CATIA software.

With the use of the bypass system, the carrier gas is introduced under pressure
through the inner tube of the bubbler which is immersed in the precursor. The carrier gas is
loaded with precursor’s vapors and when it becomes saturated, the reactive gas phase is
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transported to the reactor chamber through the lines of the system. The regulation of the
bubbler’s temperature along with the pressure and the flow rate of the carrier gas allow
controlling the quantity of the precursor in the gas mixture which enters the reactor.

The bubbler system presents some specific drawbacks such as the weakness of
controlling optimally the quantity of the precursor that enters the rector, the flow stability,
since high flow rates of the carrier gas may lead to the creation of turbulence in the bubbler
and eventually, the reproducibility of the evaporation process. However, by considering that
bubbler is the only way to evaporate and transport DMEAA and that the system has been
previously utilized and optimized for the production of pure Al films, the bubbling process is
sufficient for the MOCVD of from DMEAA.

For the evaporation of the Al precursor, the DMEAA is stored in the glass bubbler at
3°C permanently in order to avoid its degradation. During deposition of Al the temperature of
the precursor is increased at 7°C where according to Eq. 1.1, the saturated pressure of
DMEAA equals 0.7 Torr.

The maximum mass flow rate of two precursors is calculated through the formula
proposed by Hersee and Ballingal (1990):

Psat (Tprec) (2 1)
- Psat (T .

Qprec = QNz,carrier P

)
reactor prec )

where Q.. is the precursor flow rate, Q, ... IS the flow rate of the carrier gas, N, and

prec

P..(T....) Is the saturated vapour pressure at the evaporation temperature of the precursor, T

rec -
The maximum value of the precursors’ flow rates is obtained under the assumption that by
assuming that vaporization of the precursor in the bubbler proceeds at thermodynamic
equilibrium and that the conductance of the lines connecting the bubbler to the deposition
chamber is infinite. As we present in Chapter 4, the applied pressure and gas flow conditions
result in an upper limit of 2 sccm for DMEAA flow rate.

B. Fe(CO)5

During the MOCVD of unary Fe films, the evaporation and the transport of Fe(CO)s
in the reactor chamber is realised with the use of the bubbler previously described (Figure
2.6). The Fe(CO)s is placed in the glass bubbler and it is maintained permanently; i.e., both
during operation and storage, at -18°C. At this temperature the vapor pressure of the Fe
precursor is 1.88 Torr (Eq. 1.2). By using the above Eq. 2.1, the upper limit of the Fe(CO)s
flow rate equals to 0.69 sccm (see Chapter 5). The rational for the chosen Fe(CO)s flow rate
with regard to DMEAA flow rate is dictated by the targeted 13:4 ratio of the Al-Fe
stoichiometry in the final film, mainly during the co-deposition process (see Chapter 6).

Direct liquid injection (DLI) is applied to the MOCVD of Fe during the as processing
with Al, due to the fact that this system provides a more controllable mass inflow rate and a
smaller quantity of precursor in the reactor chamber, with regard to the targeted intermetallic
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phase. A Vapbox 500 provided by Kemstream® is used for the DLI of Fe(CO)s and it is
presented in Figure 2.7. The principle of the DLI is to inject fine droplets of the liquid
precursor into an evaporation chamber, where the droplets are instantaneously evaporate due
to their size.

Fe(CO).

N, mixing

gas e Liquid injector

- . Mixing chamber

- Mixing injector

Evaporation C
chamber L )

Vapours

Figure 2.7: Schematic representation of the DLI system (Vapbox, Kemstream®) used for the evaporation and
the transport of Fe(CO)s.

During the deposition of Fe, 5 ml of pure Fe(CO)s are filled in a glass vessel, the
schlenk, where the carrier gas is introduced under a pressure of 3.5 bar. A second schlenk
containing only a solvent is used in order to rinse the injection system after each deposition.
The two reservoirs are mounted on a panel and they are isolated by valves. The panel is
connected to the DLI system through a Teflon™ tube. The precursor is atomised that is, fine
precursor droplets are created by a modified automobile technology injector which is called
liquid injector and it is composed of 8 holes of 6 um diameter each. The liquid injector
functions in an open loop and it is controlled by the injection frequency and the opening time.
The gas which is formed is introduced by pulses in a very low volume chamber where it is
mixed with the dilution, mixing gas, N, pressurized at 1.5 bar.

The flow of the mixing gas is measured by a mass flow meter (MKS, N,: 0-20000
sccm) and it is controlled by the computer system of the DLI by imposing a frequency for the
opening of the mixing injector. The difference between the pressures imposed at the liquid
and gas lines is 2 bar in order to force the liquid precursor to move from its schlenk to the
evaporation chamber. Then, the binary phase composed of precursor droplets and the mixing
gas is atomised by a second injector, the mixing injector, in the evaporation chamber. The
evaporation chamber is a stainless steel vessel surrounded by a heating mantle for the
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regulation of the temperature. In the case of Fe(CO)s no heat is needed since the precursor is
instantaneously evaporated. In this chamber, the small size droplets (of the order of 10 um for
the diameter according to Froger (2012) are directly evaporate allowing the generation of
important flow rates of the reactive gas phase. During deposition the two injectors are always
out of phase, to prevent liquid enter the gas line. The operating parameters of the liquid and
mixing injectors are not necessarily identical among the deposition but they have to be
optimized in order to ensure the reproducibility of the process.

The mass flow rate, Q is determined by calibration of the liquid injector before a

injection ?
given experimental series. For this reason the Teflon™ tube is scaled allowing the direct
measurement of volume per unit time that is, volumetric flow rate. For instance, when the

frequency is set at 1 Hz and the opening time at 2 ms Q equals 0.02 ml/min.

injection

The lines and the chambers of the DLI system can be cleaned directly after the
deposition by injecting and evaporating the solvent from the second schlenk under a stream
of dilution gas. The solvent should be chosen so as to dissolve and transport the residues of
the pentacarbonyl precursor which is may deposit in the walls of the system. Hexane or
heptane are used as solvents in this case, since they dissolve Fe(CO)s.For a more thorough
maintenance of the system, the Vapbox should be opened after a deposition series and its
metallic spare parts should be cleaned in a H,SO4/H,0 solution.

DLI has many advantages comparing to the simple evaporation system by bubbling,
such as the optimal control of the injected, evaporated and consequently transported
precursor flow rate in the reactor chamber, the possibility of delivering high/low quantities of
the reactive gas phase favorable to high/low thicknesses and the possibility of short
depositions with small quantities of a highly unstable molecular compound, as the Fe(CO)s,
without any temperature regulation requirements, since all of the precursor is consumed in
each deposition.

2.1.2. MOCVD protocols

This paragraph presents the various protocols applied for deposition. Therefore, we
describe the cleaning procedure of the substrates used for the MOCVD of Al and Fe and their
co-deposition and sequential deposition processes, the filling of the glass schlenk with
Fe(CO)5 when the DLI is used, the deposition experiments per se, the cleaning of the reactor
after deposition and the neutralization of the unused or degraded precursors.

Three types of substrates are used during the investigated MOCVD processes, namely
silicon, Si, glass and thermally oxidized silicon, SiO, for purposes explained in Chapter 6. All
types of substrates are treated in the same way before deposition. They are cleaned in an
ultrasonic bath with acetone and ethanol, they are dried under argon flux and baked in a
furnace at 60°C for 30 min to cast off humidity. The substrates are weighted before and after
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deposition in order to determine the deposition rate. Three independent weight measurements
are carried out for each substrate before and after the experiment and an average value is
calculated. The maximum (minimum) deviation from this average value is estimated by the
difference between the minimum (maximum) measured value before experiment and the
corresponding maximum (minimum) value after the experiment.

Upon the placement of the substrates on the susceptor, primary vacuum is applied at
first, down to 3.8 x 102 Torr, followed by secondary vacuum to help desorbing compounds,
mainly organic, that are adsorbed on the internal surfaces during the opening of the reactor.
Once the desired vacuum is reached (6.8 x 10° — 9 x 10™ Torr) the deposition protocol is
initiated. For the MOCVD with evaporation of the precursors, the two precursors are
permanently maintained in their bubblers at temperature conditions where degradation is
limited. Proper temperatures are applied at the lines of the carrier and the dilution gas, and at
the walls of the reactor and the precursors’ temperatures are regulated to the desired levels for
deposition. Then, the carrier and the dilution gases start to flow at their set mass flow rates
and the pressure is set to the desired value. The deposition temperature is set to the susceptor.
10 min are required for its stabilization. To start the deposition, first the outlet valve of the
bubbler and then its inlet valve are opened and the bypass is closed to start passing the carrier
gas through the precursor. This order of the opening of the two valves of the bubbler should
be followed in order for the precursor not to be sucked by the pump.

During deposition experiments the cold trap is filled with liquid nitrogen for the
entrapment of the by-products. To finish the deposition the bypass is opened and the valves
of the bubbler are closed in the opposite order; i.e., first the inlet valve and then the outlet
valve. Precursors’ temperatures are regulated to the storing conditions and the heating of the
susceptor is turned off. The flowing of the N, continues for 10 more min to better evacuate
the reactor from the by-products and the unconsumed reactive gas phase. When the reactor
cools down, at a temperature below 50°C, it can be opened to collect the samples. Each one
of the samples is stored in identified plastic bags with code (the code corresponds to the
number of experiment and the place of the sample on the susceptor) and the plastic bags are
placed in a desiccator under vacuum. The same protocol is followed also in the case of the
co-deposition of the two metals where the two precursors are sent simultaneously in the
reactor.

For the MOCVD of Fe with the DLI system, the process differs concerning the
treatment of the precursor and the flow conditions. A new Fe(CO)s batch is filled in the
schlenk for each experiment. The filling of the precursor is performed carefully in a
vacuum/argon line, shown in Figure 2.8, under hood, due to the toxicity, pyrophoricity and
sensitivity of the precursor. The filled schlenk is then mounted to the liquid panel. Finally, the
DLI system is purged by three successive cycles of vacuum and N, pressurization. The
mixing chamber and the line between the liquid injector and the liquid panel are set under
vacuum by setting maximum conditions at the two injectors ( f =10Hz and t, =50ms) in
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order to remove any water traces. Then, the desired temperature, pressure and mass flow
conditions are set and a deposition experiment is performed. At the end of deposition, the
reactor is isolated from the DLI system and the evaporation and the mixing chambers are
purged under primary vacuum and N, flux to consume the remaining precursor’s quantity.
Then, the DLI system is rinsed by injection and evaporation of a solvent such as hexane or
heptane and dried by a N, flow stream. The cleaning and the drying of the DLI are carried out
in the same injection conditions used for the deposition experiment for 20 min. Again, we
wait for the cooling of the reactor for opening and taking the samples. The latter are stored as
described before.

Argon flux

) . from outside
Argon line  Vacuum line

Manometer

,{Q

-

?‘rg-'

Switch

Cold trap

Line connected to a Pump
bubbler or a schlenk

Figure 2.8: Photograph of the vacuum/argon line used to fill the Fe(CO)s in the glass schlenk and for the
neutrilization of the Fe(CO)s and DMEAA precursors.

Sequential deposition is performed in two steps; first, by the MOCVD of Al by
evaporation and second, by the MOCVD of Fe by DLI, as described above. At the end of the
deposition of the Fe layer an in situ thermal annealing is applied. Without removing the
substrates from the reactor, the temperature of the susceptor is increased and it is regulated to
the desired value for 60 min and under rough vacuum conditions (7.5 x 102 Torr). At the end
of annealing, the reactor cools down prior opening.

The neutralization of an unused or decomposed Fe(CO)s quantity is performed on the
vacuum/argon line for safety reasons. The precursor quantity is diluted in hexane under
mechanical stirring and commercial household bleach is slowly added to release the toxic CO
and to form the solid Fe(OH)3. The neutralization of DMEAA is more complicated due to its
high reactivity originating from the AlH; part of the compound. The remaining precursor is
diluted in toluene under stirring and ice cooling. Then, the reactivity is decreased by adding
alcohols, starting from heavier and finishing with methanol in a series of substitution
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reactions. At first, droplets of tert-butanol and of iso-propanol are added successively in the
diluted precursor. These first two steps should be performed slowly and carefully and stopped
when a lower reactivity of the solution is observed by the less violent bubbling of the
solution. The iso-propanol step is followed by ethanol and methanol additions to finish with
ionised water. The final solution appears as a jelly liquid AI(OH); that we store in a plastic
vessel.

The reactor system is thoroughly cleaned between different deposition experiments.
For example, when an experimental series of Al deposition is completed and a new series of
Fe deposition is to be performed, the reactor chamber, the Vapbox, the cold trap and the lines
are dismounted and they are cleaned in acetone and ethanol baths. In some cases, when a
more efficient cleaning is required, the stainless steel parts only are placed in a KOH bath.

2.2. Material and structural characterizations

2.2.1. Scanning electron microscopy — Energy dispersive X-ray spectroscopy —
Focused ion beam

Scanning electron microscopy (SEM) is used to study the microstructure of the films
on the different substrate types and to estimate their thickness. Observations are realized in a
SEM LEO 435VP instrument and at a FEI Helios 600i station including a field emission gun
and located at the Raimond Castaing Microcharacterisation center. Since the deposited
metallic films are electrically conductive, no special preparation of the samples, such as
metallization is required even with glass substrates.

Observations with the SEM LEO 435VP instrument are obtained at a voltage power
of 15 keV, a probe current of 120 pA and a distance from the sample in the range 14 — 19
mm. The microstructure of the various films is studied in both surface and cross section
micrographs and their thickness is estimated on cross section micrographs. Usually, the
secondary electron mode is used to observe the characteristics of the films such as porosity,
uniformity, faceting of the crystals and coalescence. But in the case of binary films the
backscattered electrons mode is applied for the chemical contrast observation of Al and Fe.
The observations performed at the FEI Helios 600i instrument are obtained at a voltage
power of 5 keV, a probe current of 340 pA and a distance from the sample of 4 mm.

Both microscopes are equipped with energy dispersive X-ray spectrometer (EDX)
allowing the qualitative elemental analysis of the obtained films and especially for the case of
SEM Helios 600i FEI, the 3D mapping of the elemental composition. At LEO 435VP, the
operating conditions for a qualitative chemical analysis of the films are a voltage power of 15
keV, a probe current of 1500 pA and a distance of 19 mm from the sample. At FEI Helios
600i the corresponding conditions are a voltage power of 5 keV, a probe current of 0.34 nA
and a distance of 4 mm from the sample.
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Furthermore, the SEM Helios 600i FEI is equipped with a focused ion beam (FIB)
system for preparing cross sections and lamellas for TEM analysis. Before ion etching, a 50 x
30 x 0.2 um® Pt layer is deposited (ion beam deposition) on the surface of the sample with a
gas injection system (GIS) included in the apparatus in order to protect the top layer from
oxidation. Then, the sample is tilted at an angle of 52° and 60 x 15 x 0.3 um® cross sections
are formed with a 30 keV voltage power and a 65 nA probe current. For TEM lamellas, the
latter cross sections are cut by successively applying 45 nA, 21 nA and 2.5 nA probe currents
with the same voltage power. Finally, the 60 x 5 x 0.3 um?® too-thick rectangles are etched
under 30 keV voltage power and 2.5 nA probe current until a transparent 60 x 5 x 0.08 pm?®
lamella is obtained.

2.2.2. X-ray diffraction

X-ray diffraction (XRD) is performed to study the crystalline structures of Fe unary
films deposited on Si substrates and for Al-Fe complex structures deposited on Si, glass and
Si0O, substrates. XRD analyses are performed with a Seifert — 3000TT instrument composed
of a Cu K, (1.540598 A) X-ray tube operating at 40 kV and 40 mA, a Ni filter and a solid-
state Lynxeye detector. By considering that the thickness of the coatings varies from several
tens of nanometers to some tens of micrometers, the 26 configuration at fixed grazing
incidence (m=2°) is chosen. The 20 angle varies from 5° to 135°.

2.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) consists of a monochromatic beam of X-rays
with sufficiently high energy to create ionization of the atoms of the irradiated material. An
electron from the core of the atom is thus ejected (photoelectric effect) and its kinetic energy
is detected and measured. This implies that the latter photoelectron reaches vacuum, and
therefore that the surface is at a distance shorter than the photoelectron inelastic mean free
path. Thus, detected photoelectrons only originate from the extreme surface of the material
that is, only from a few nm. The kinetic energy of a photoelectron is impacted by its
environment (oxidation degree, bonding type, polarity, etc.) and by many other mechanisms
activated during its travel to vacuum (core-hole screening, interaction with valence electrons,
etc.). Fortunately, whereas the latter mechanisms require theoretical support to be understood,
conventional XPS with proper standards and bibliography allow the determination of the
atom environment, and semi-quantitative composition.

XPS measurements are performed on a Thermo Scientific K-Alpha instrument using
monochromatic Al K, (1486.6 eV). The base pressure in the XPS chamber equals to 107
Torr. Atomic concentrations of the Al-Fe films deposited on glass substrates (Chapter 6) are
determined from photoelectron peak areas using the atomic sensitivity factors reported by
Scofield, taking into account the transmission function of the analyzer. Before analysis an
etching procedure in the XPS chamber is applied to remove the oxide layer formed upon
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exposure to air. The ion etching rate (Ar*, 2 kV) is ca. 0.08 nm/s. High resolution scans are
obtained at constant pass energy of 30 eV with energy steps of 0.1 eV.

2.2.4. X-ray fluorescence

X-ray fluorescence (XRF) functions by exposing the sample to a beam of primary X-
rays. The atoms of the sample adsorb energy from the X-rays, become temporarily excited
and then emit secondary X-rays. Each chemical element emits X-rays at a unique energy. By
measuring the characteristic energy and the intensity of the emitted X-rays, the XRF analysis
can provide qualitative and quantitative data regarding the thickness and the composition of
the investigated material.

XRF measurements are performed in an X-Strata920 instrument equipped with a
tungsten anode tube (50 W, 50 kV and 1 mA) and a Xenon proportional counter detector.
Before measurements the instrument is calibrated with Cu and Ag standards for a functional
performance. Furthermore, a sample with known thickness (of Fe in this work) is used to
create a thin film standard, and a bulk pure Fe piece is used to get an infinite standard. With
this procedure and the algorithm included in the software, measurements are carried out with
an accuracy of £ 5%. However, the apparatus cannot detect Al within the obtained films.
Thus, in the frames of the thesis, only Fe film thickness is measured with the XRF technique.

2.2.5. Electron probe microscopy analysis

The quantitative chemical composition of the Al-Fe co-deposited or sequentially
deposited films is determined by the electron probe microscopy analysis (EPMA). EPMA
measurements allow the quantification of the Al:Fe ratio in the final film as well as the
determination of the at% contamination of the films by the heteroatoms O and C.
Measurements are performed in a Cameca SXFive instrument equipped with a field emission
electron source (Schottky emitter) and a wavelength dispersive spectrometer (WDS) and
located at the Raimond Castaing Microcharacterisation center. The apparatus operates at 15
keV and 20 nA. It is calibrated using high purity Al and Fe as well as SiC (Si:70.05% and
C:29.95%) and F,03 (Fe:69.94% and 0:30.06%) standards.

2.2.6. Radio frequency glow discharge optical emission spectroscopy

Depth elementary profiles of the Al-Fe films (Chapter 6) are determined by radio
frequency glow discharge optical emission spectroscopy (RF GD-OES) with a Horiba
Scientific GD-Profiler2'. The RF GD-OES method applies a low pressure plasma for a rapid
etching (few pum/min) of the sample and for the excitation of the sprayed atoms. Light
emitted during their de-excitation is collected by a polychromator which detects from UV to
IR (including elements such as H, O, C and N). The use of radio frequency eliminates the
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limitation of using conducting substrates, thus glass substrates cam be readily characterized.
Due to the absence of calibration curves in this work, only qualitative trends of the depth
profiles are obtained.

2.2.7. Transmission electron microscopy — Scanning transmission electron
microscopy

Transition electron microscopy (TEM) is used for a more detailed observation of the
microstructure. TEM is a technique in which a beam of electrons is transmitted through an
ultra-thin specimen and interacts with it. This interaction causes the creation of an image of
the electrons transmitted through the specimen and the image is magnified and depicted from
an imaging device. A great advantage of TEM over other microscopic techniques is its ability
to switch operation between the imaging and diffraction modes very easily, thereby
investigating the crystallographic structure of a specific material by the analysis of the image.

TEM coupled with EDX measurements is performed on the Al-Fe films sequentially
deposited on SIO, substrates (Chapter 6) in order to extract high resolution images with
crystallographic information of the Al-Fe phase. The measurements are performed on a JEOL
JEM 2100F high resolution microscope operating at 200 kV and equipped with a BRUKER
EDX spectrometer for chemical analysis. The apparatus is located at the Raimond Castaing
Microcharacterization center. The quantitative chemical analysis performed at the level of the
lamella, obtained by FIB, provides local values of the Al:Fe atomic ratio at different points of
the sample; it also allows to observe the enrichment in Al and Fe or the O contamination at
the various regions of the lamella. TEM and high resolution TEM analysis is followed by a
fast Fourier transformation of an atomically resolved image in order to identify
crystallographic orientations and eventually, to define the phase.

In scanning transmission electron microscopy (STEM), an electron beam focused to a
small surface area (100 nm — 2 um) is raster scanned in parallel across the sample surface and
the detector collects the signal arising from the interaction of the electrons with the solid
material. The signal intensity is used to construct 2D maps of the material properties in each
pixel. The advantage of STEM is that it does not need imaging lenses which have chromatic
aberration and limit the resolution of TEM images. Further, high-angle annular dark field
STEM (HAADF-STEM) allows the observation of STEM images with higher resolution and
compositional information.

STEM is performed on the Al-Fe sequentially deposited films on glass substrates
(Chapter 6) using a FEI Titan 80-200 (“ChemiSTEM”) electron microscope (Kovacs et al.,
2016) operating at 200 kV, equipped with a spherical-aberration (Cs) probe corrector (CEOS
GmbH), and a HAADF detector. A probe semi-angle of 25 mrad and an inner collection
semi-angle of the detector of 88 mrad are used. Compositional maps are obtained with EDX
using four large-solid angle symmetrical Si drift detectors. For EDX analysis, Fe K and Al K
peaks are used. The instrument is located in Juelich, at the Ernst Ruska-Centre (ER-C) for
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Microscopy and Spectroscopy with Electrons German national facility and the Peter
Griinberg Institute, under the supervision of Dr. Marc Heggen.

2.2.8. Interferometry and mechanical profilometry

The surface roughness of Al films observed during SEM analyses is quantified by
performing optical interferometry measurements with a Zygo MetroPro™, New View 100
instrument. The apparatus uses a Mirau interferometer which consists of a semi-reflecting
sample placed in front of a long-range target. A light beam is sent on the sample surface
through a microscope objective. The incident beam is split and the two obtained beams
separate according to two distinct geometrical paths, one of which is directed towards the
surface to be observed and the second functions as the reference radiation. The phase shift
between the beams is due to the topography of the surface of the observed material. The
commercial software MetroPro translates the signal caused by the interference and provides
results concerning the RMS and Ra roughness among others. A 1.4 x 1.4 mm? surface is
analyzed with a lateral resolution of 1 um. The analyzed depth can reach 100 um with a
vertical resolution of 1 nm. For each sample, we perform 3 measurements at different regions
in order to acquire statistical information on the roughness. It is presented as an average value
plus deviations (uncertainties).

When the reflectance of the surface is limited as for the Fe films, no interference can
be detected from light interferometry. Thus, a mechanical profilometer is used which is
compatible with all types of material surfaces. Mechanical or stylus profilometry is a
destructive technique based on a tip (stylus) touching and moving across the surface of the
sample, thus providing the profile of the surface. The measurements are performed at a KLA
Tencor P16+ mechanical profilometer located at the Laboratoire d’Analyse et d’Architecture
des Systemes (LAAS) in Toulouse. The tip has a 2 um curvature and it is attached to the
surface with an angle of 45° and a force of 2.5 kPa. The RMS roughness of Fe films is
determined across a 1 mm surface line with a lateral resolution of 0.5 pm.

2.2.9. Electrical resistivity

Electrical resistivity is determined following the theory of Smits (1958).
Measurements of the sheet resistance are performed with a proprietary resistivity apparatus
based on the four-point probe method (Samélor et al., 2010). Two external pins supplying
current (1) are aligned with two internal pins measuring voltage (V). Thin films resistivity (ps)
is given by the formula:

pS:\ILxCxt, (2.3)

where ps is the electrical resistivity in [uQ.cm], V is the voltage in [mV], I is the current
intensity in [mA], C is a constant correction factor depending on the dimensions of the
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surface and t is the thickness of the film in [nm]. The tip apex of the apparatus equals 40 pm
in diameter and the constant spacing between the pins is 1.5 mm. Signal acquisition and
treatment are driven by a computer program. Measurements are performed on a 20 x 10 mm?
surface area at room temperature, by applying a current 1=50 mA. The thickness of the Al
films varies from 600 nm to 1 um (Chapter 4) and the constant C=4.5324 which represents a
general correction.

2.2.10. The catalytic procedure

Catalytic tests are performed at IRCELYON by a collaborating group. They are
carried out at atmospheric pressure in a continuous flow fixed-bed reactor. It is consisted of a
16 mm diameter cylindrical glass tube and it is equipped with a sintered glass filter in order
to hold the catalyst. The reactor is placed in a ceramic furnace whose temperature is
controlled via a thermocouple. The reactant gases (C,H:H,:He) are mixed using mass-flow
controllers (Brooks and Vogtlin Instruments) and they are flowed through the reactor at a
total rate of 50 mL/min. The effluent gases are analyzed online using a Shimadzu GC-2014
gas chromatograph equipped with a Supelco alumina sulfate plot fused silica capillary
column and a FID detector. Acetylene semi-hydrogenation reactions are conducted by using
25 mg of AlysFe, films, in two different conditions:

a) C,Hz:H,:He =2:10:88 at 50ml/min at 200°C.
b) C,H,:Hz:He =0.5:5:94.5 at 50ml/min at 200°C.

The first catalytic experiment is performed without pretreatment of the catalyst surface, and
the other tests are preceded by a treatment at 200°C under H, (40 mL/min) or air (50
mL/min) in order to regenerate the catalyst. After the reductive treatments of Al;sFe, films,
the reactive mixture is immediately introduced in the reactor. On the contrary, after the
oxidative treatment under air, the reactor is flushed with He before switching to the reactive
mixture.

Summary-Conclusions

A MOCVD reactor system is designed and mounted for the deposition of Al and Fe
unary and binary films. The reactor chamber is a cylindrical, vertical one with stainless steel
walls which allow processing in hot as well as cold wall modes. Within the chamber, a 58
mm diameter substrate holder (susceptor) allows the deposition on more than one substrates
of 1 cm? typical surface area. Also, the presence of a shower plate which faces the susceptor
ensures homogenized flow. The transport of the DMEAA in the reactor chamber is performed
by evaporation, while for the Fe(CO)s both evaporation and DLI methods are used. DLI
ensures a better control of the transport of the Fe precursor and avoid its regulation at very
low temperatures.
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Several qualitative and quantitative characterization techniques are used to analyze
the elemental composition, the structure, the microstructure and the properties of the films.
Qualitative methods, although not providing specific values, give useful information,
especially when the chemical composition is concerned. For the Al-Fe complex films
particularly, the high-resolution TEM and STEM analysis allows defining the size of the
crystals, the distances between them and the phase of the intermetallic structure as well as
coating homogeneity through the entire layer.
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Chapter 3: Modeling of processes: methods and
computational simulations

This chapter presents the models developed for the study of the physical/chemical phenomena
occurring at the different scales, macroscale and nanoscale, during MOCVD processes. The
macroscale refers to the bulk of the MOCVD reactor and it is of order of cm or mm. The
phenomena occurring at the macroscopic level are governed by the fundamental
conservation equations (mass, momentum and energy) combined with the kinetics of the Al
and Fe gas phase and surface chemical reactions. The nanoscale refers to the surface level
and the nanomorphology of the film and it is of order of nm. At this scale, a stochastic kinetic
Monte Carlo (kMC) model is developed for the simulation of the nano-processes at the
surface. The linking of the two scales results in a multiscale framework which simulates the
surface evolution and calculates the surface roughness of Al and Fe films.
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3.1. Modeling and computations at the macroscale

A MOCVD process comprises simultaneous transport phenomena and chemical
reactions occurring in the gas phase and at the surface of the substrate. The corresponding
mathematical model is set in a domain defined by the geometry of the experimental MOCVD
reactor. The partial differential equations (PDES) are discretized and solved in the domain by
employing the commercial computational fluid dynamics (CFD) software Ansys/Fluent
(Ansys 12.1/Fluent Documentation, 2009).

3.1.1. The computational domain

The computational domain is determined by the geometry of the reactor which is
presented in Chapter 2. The domain is drawn with the commercial software Gambit (Gambit
Documentation, 2006) and it is depicted in Figure 3.1. Figure 3.1a shows the 3D geometry
model configuration. The reactive gas mixture enters the reactor from the inlet, flows through
the shower plate and the shower plate towards the susceptor, where the solid product of the
chemical reactions is deposited and the film is grown, and the gaseous by-products leave the
reactor at the outlet. The actual dimensions of the experimental MOCVD reactor, including
the shower plate and the plate with its holes, are used for sizing the 3D model and they are
depicted in Figures 3.1c and d. The experimental reactor is axially symmetric as indicated by
the rectangular area defined by the red dashed line. Thus, a 2D model of the reactor is also
built (Figure 3.1b) which contains an axisymmetric half slice of the 3D domain. However, the
geometry of the holes of the shower plate is not captured by the 2D geometry; actually, a hole
in 3D could only be “approximated”, in an axisymmetric setup, by a circular ring. The blue
line in Figure 3.1b represents the shower plate without holes. The 2D model of the reactor is
computationally less expensive than the 3D (see §3.1.2.) and it is used in preliminary
calculations for getting estimates of the parameters entering the kinetic equations (see
§3.1.4)).

3.1.2. Discretization

Upon building the geometry of the reactor model, the computational domain is
discretized into a mosaic of elementary cells called mesh. Each cell represents a finite volume
within which the values of the calculated variables are considered constant; that is, within
each (“infinitesimal”) cell, there is no spatial variation of the variables. Cells are delineated
by boundaries defined by the mesh. The set of PDEs is solved at each cell of the mesh. At the
end, an interpolation from the discrete solution of the PDEs at each cell yields a solution on
the entire domain.

Meshing is an important step of the computational process since it is connected with
the reliability of the simulations. The mesh density and quality influences the convergence of
the solution procedure, the accuracy of the obtained solution and the associated
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computational effort. The main mesh quality criteria are two (Ansys 12.1/Fluent
Documentation, 2009): (a) the aspect ratio, which for a quadrilateral cell corresponds to the
length ratio of the longest edge to the smallest and (b) the distortion of each cell, expressed
by the ratio between the maximum and minimum angles between the edges. Cells with
indicated aspect ratio and distortion are shown in Figure 3.2a and b, respectively.

Inlet Inlet

(b)

(a)

Shower plate - no|
holes

N

Susceptor I

Symmetry axis

Outlet Outlet Outlet

12.7 mm

(c)

110 mm

15 mm

290 mm

10 mm

>

H
L
83 mm

Figure 3.1: A 3D (a) and a 2D (b) model of the experimental MOCVD reactor which is used for the solution of
the set of PDEs. The two models are designed based on the exact dimensions of the experimental setup (c). The
3D model includes the holes at the shower plate (d) while the 2D model does not.
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Based on the shape of the cells, meshes are distinguished into two categories: structured
meshes (Figure 3.2c — left) comprised by rectangular/quadrilateral (2D) or hexahedral
elements (3D) following a uniform pattern; unstructured meshes (Figure 3.2c — right)
composed by triangular (2D) or pyramidal (3D) elements that are not following any pattern
and they are randomly arranged in space. A structured mesh is often preferred over an
unstructured since it reduces computational cost and allows for better control of the density
and the arrangement of cells. On the other hand, an unstructured mesh offers flexibility in
dealing with complex geometries and/or locally selective refinement or coarsening.

(a) L

(b)

()

Figure 3.2: Representation of two rectangular 2D elements (a) with a low aspect ratio (left) and a high aspect
ratio (right). Representation of three quadrilateral 2D elements (b) without distortion (left), with a slight
distortion (middle) and with a strong distortion (right). Spatial discretization of the same geometry (c) with a
structured (left) and an unstructured mesh (right).

An example of the discretization of the computational domain of the MOCVD reactor
is shown in Figure 3.3. A mesh is created for both the 3D (Figure 3.3a) and 2D (Figure 3.3b)
models with the use of the commercial software Gambit (Gambit Documentation, 2006). The
mesh of the 3D model is unstructured while the mesh of the 2D model is structured in the
bulk of the reactor and unstructured in the area from the inlet up to the shower plate. Inset
figures are magnifications of the inlet, shower plate and susceptor areas.
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Figure 3.3: (a) An unstructured mesh is created for the 3D model. (b) A hybrid mesh containing both triangular
and square elements is built for the 2D model. The insets are magnifications of the inlet, the shower plate and
the susceptor where the mesh is finer.

Finer mesh is required in these areas so as to accommodate anticipated steep changes
(gradients) of the computed solutions.

The density (fineness) of the mesh should be sufficiently high for obtaining solutions
with high enough accuracy. However, mesh refinement should be done with care, since
unnecessarily too fine discretization could be harmful, in terms of required computer memory
and time. To establish solution reliability requires its mesh independence verification. This is
performed by systematically monitoring the dependence of the values of chosen variables on
mesh density. The variable of choice here is the mass fraction of the precursor. The mesh
independence study is presented for a particular configuration of the 2D model but it is
carried out for every, 2D and 3D, case.

The density of the mesh is increased successively, starting from the initial mesh, A,
presented in Figure 3.3b. The generic mesh A has been created by default in Gambit. The
first refinement is performed for the whole volume of the reactor model while the second is
performed selectively, in the area between the shower plate and the susceptor since this area
is a particular “action zone” in terms of surface reactions and species concentration gradients
and associated transport. Figure 3.4a shows the refinement of the initial mesh A (11625 cells)
to the mesh B (36700 cells) and C (50862 cells).
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Figure 3.4: (a) Mesh refinement for the whole reactor and in specific areas. (b) Evolution of the mass fraction of
the precursor along the susceptor (b) and (c) in the reactor for the different meshes.

Figure 3.4b and c present, respectively, the mass fraction of the precursor along the susceptor
and in the MOCVD reactor for the three meshes density, A, B and C. It can be observed that
the differences are negligible; actually, the difference is less than 0.6%, even between the
coarse mesh A and the denser mesh C. It can be deduced that the mesh A suffices for
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obtaining accurate 2D solutions. Furthermore, the computational time required to obtain
solution with mesh A is less than 10 min, compared to 20 and 30 min, required for meshes B
and C, respectively. The CPU memory required for the 2D simulations varies between 160 —
220 MB depending on the density of the mesh. A similar mesh independence study was
carried out for the 3D model; a mesh with as many as 1.232.468 cells comes out to be an
appropriate one. Due to the size of the resulting computational problem, parallel processing
in computer clusters is indispensable. The CPU time and memory required for the solution of
a 3D problem are 4 h and 2 GB, respectively.

3.1.3. The fundamental transport equations at steady state

The gas mixture in the MOCVD reactor is treated as a continuum ideal gas, since the
Knudsen number (Bird, 1994) expressing the ratio of the free path of molecules to a
characteristic length in the problem under study is much less than unity (Kn<<1). The flow is
taken laminar, as dictated by a typical value of the Reynolds number. More specifically, with
the following typical values of the involved quantities:

Density of gas mixture=1.22x102 kg/m?®, viscosity of gas mixture=2.1x10° kg/m.s, reactor
diameter=8.3x102 m, velocity of gas mixture at the inlet=4.2 m/s, mean free path=1.59x10°
m (calculated at P=10 Torr and T=100°C), typical values of the dimensionless numbers are
Kn=1.92x10" and Re=202.52.

The CVD process is analyzed at steady state. The fundamental equations describing the
transport phenomena at the macroscale and at steady state are the conservation (or balance)
equations of mass and species, momentum and energy (Bird et al., 2002; Deen, 1998):

- Mass conservation:
V'(IDU):(), (3.1)
where p is the density of the mixture and u the velocity vector.

- Momentum conservation:
V-(puu)I—VP+V|:,LJ(VU+VUT)—/J%(V-U)|j|+pg, (3.2)

where P is the pressure, zthe dynamic viscosity, | the unit dyadic andg the gravitational
acceleration.

- Energy conservation:

CpV-(puT):V-(/WT)—iji-VVF"—%‘%HR (3.3)
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whereC is the specific heat capacity under constant pressure, T the temperature, 4 the
thermal conductivity, j. the diffusion rate of the species i, H; the enthalpy of formation of the
species i, M, the molecular weight of the species i, N the number of the chemical species,

N . the number of the gas phase chemical species and R, ,,.the net rate of the gas phase

k,gas

reaction k.

- Species conservation:

N

V(puam)=-V-j,+ M, > R, pori=1...N -1 3.4)
k=1

with @ expressing the dimensionless mass fraction of the species i of the gas mixture
composed of N-constituents, which sum up to unity.

In CVD processes the diffusion rate, j,, is calculated by the full multicomponent

diffusion model (Ansys 12.1/Fluent Documentation, 2009). For multicomponent mixtures,
the derivation of explicit relations for the diffusion fluxes containing the gradient of only one
component, as it is required by Fick’s law, is not feasible. Thus, for the computation of the
diffusion rate the Stephan-Maxwell equations are applied, which are expressed in the
following form for ideal gases:

ififj i :vf'_VTififj D;; D, (3.5)
=1 Dij,m Pi P T j=1 Dij,m P Pi

j#

where f;, f; are the molar fractions of the chemical species ij, D, is the binary mass

ij,m
diffusion coefficient of component i in component j and Dy ;, D; ;are the thermal diffusion
coefficients of the chemical species ij. The term j., for the chemical species i, is then

calculated by the equation:

N-1
Ji= _ZpDi,mva)l - Dy, VT_T (3.6)

j=1

Eq. (3.6) is an alternative expression of the Fick’s law, taking into consideration the Soret

effect (Bird et al., 2002). The calculation of the binary mass diffusion coefficient, D; ,, is
realized through the Chapman-Enskog equation:
0.5
o L, 1
M, M,
D, =0.00188 3.7)

2 1
Pabs Gij Q D

106



Chapter 3: Modeling of proceses: methods and computational simulations

where P

abs

is the absolute pressure, o the active diffusion collision diameter and Q, the

diffusion collision integral. The latter is a measure of the molecular interaction and it is a
function of the quantity T, where

. T
T = , 3.8
D (8/kB )ij ( )
. s Mkg .
with k, =1.3806x10 R being the Boltzmann constant and (g/kB)ij the energy
parameter of the mixture which is computed by the geometric average:
(e1ka), = (e kg ), (1K), (3.9)
The active diffusion collision diameter, o, is calculated by the arithmetic average of the
individual o :
_1 3.10
Gij—E(O'i'FO'J-). ( : )

The thermal diffusion coefficients are calculated through the following empirical equation
which quantifies the Soret effect:

N
M i0.511 fi
M i0.511 fi ;
N N

Z M i0.511 fi . Z M i0.489 .I:i .

i=1 i=1

D, = —2.59x107T %% (3.11)

The last equation of the set is a constitutive one, namely the ideal gas law for the
mixture, from which the density is calculated:

_PM

-, 3.12
P="r7 (3.12)

where R =8314.34 ‘ ) ” is the universal gas constant and M the molecular weight of the
mo

mixture.

The transport equations are augmented with the appropriate boundary conditions
(Chapter 4 & 5) which refer to the primary unknowns that are, velocity, pressure, temperature
and species concentrations. In general, boundary conditions are of Dirichlet-type (prescribed
values of the primary unknowns), Neumann-type (prescribed values of the derivatives of the
primary unknowns) and Robin-type (linear combination of the values of the unknowns and
their derivatives).
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3.1.4. Gas phase and surface reactions

The control of the thickness and chemical composition of the film for the various
operating conditions is of crucial importance in all CVD processes. Both of them are strongly
affected by the reactions taking place in the gas phase and on the deposition surface as well
as by the flow inside the reactor chamber. These chemical reactions are described by the
following general equation:

WA Ngas

ZylkG Hz% G +§i7/{k’sl’ (313)

where G, is the gas phase species i, S; is the solid species i, N is the number of the gas

gas

phase chemical components, N, is the number of the solid chemical components, y; is the

sur

stoichiometric coefficient of the reactant i in the k™ reaction, y. is the stoichiometric
coefficient of the product i of the k™ reaction and r._ is the total reaction rate of the k"

reaction. Eq. (3.13) accounts for both reversible and non-reversible reactions. The summation
terms appearing in Eq. (3.13) refer to the components of the chemical system but only species
that participate as reactants or products have non-zero stoichiometric coefficients.

The rate of an elementary gas phase reaction R __.. can be given by an Arrhenius type

k,gas

expression:
Ek
Ry gas = kO]gaSTb exp( R:clrgas] f(C, gas,...CNgas), (3.14)
gas
where k, ., is the pre-exponential factor of the reaction k, b is the temperature exponent,

E. 4 is the activation energy of the reaction k, C the molar concentration of the reactants

and f a function expressing the dependence of the rate from the species concentrations.
Thus, the net consumption or production rate of the chemical species i in the gas phase for a

total number of gas phase reactions, K, is given by:
Kgas

Rk,gas=2(7i'k'_7i’k)Rk’ Izl""’Ngas' (315)
k=1

The left hand side of Eq. (3.15) appears in the third term of the right hand side of
energy balance equation (Eg. 3.3) and in the second term of the right hand side in the species
balance equation (Eq. 3.4).

At the surface, it is assumed that the mass flux of each species in the gas phase equals
its consumption/production rate (Deen, 1998):

Kgy
psurDin'va)l,s Z k,sur ! ) Ngas’ (316)
k=1

108



Chapter 3: Modeling of proceses: methods and computational simulations

where p,, is the density at the surface, D, the diffusion coefficient of the chemical species i,
@, the mass fraction of the species i on the surface, n the outward pointing unit normal
vector to the plane of the surface and K, the total number of the surface reactions in which

the chemical species i participates. The net surface reaction rate, R is provided by the

k,sur 1
following equation:

Rew = > (74 =74 Rar 1=1...,N (3.17)

sur*

Here R, obeys the Arrhenius type Eq. (3.14) and the corresponding parameters (pre-

exponential factor, activation energy, temperature and molar concentrations) being calculated
at the surface.

The Fluent CFD code applies by default Egs. (3.15) and (3.17) as well as the
Arrhenius type expression of Eq. (3.14) for the calculation of the gas phase and surface
reaction rates. However, the user has the possibility to import other expressions for reaction
rates, such as Langmuir-Hinshelwood type expressions, by using external files with user
defined functions (UDFs). The UDFs are linked to the software through dynamic libraries
and extend the possibilities of the CFD code. Functions are written in C language and they
are imported in the code with specific macro-definitions, for the gas phase and the surface
reaction rates, respectively.

3.1.5. Solution of the equations — The finite volume method

The numerical (approximate) solution of the set of PDEs, described in the previous
paragraphs, amounts to the integration of the PDEs over each elemental control volume (cell)
of the computational domain. A generalized governing transport equation, at steady state,
reads:

V-(pud)=V-(IV®)+S,, (3.18)

where @ is the generalized variable, pis the density, uthe velocity andI the diffusion

coefficient. The term in the left hand side of Eq. (3.18) is the convective contribution of @ .
The terms in the right hand side account for the rate of change of ® due to diffusion and to
sources/sinks, respectively (Boudouvis, 2010). Upon integration, Eq. (3.18) yields:

[v-(pud)dv = [V (T, VO)dV +[S,dV (3.19)

and by virtue of the divergence theorem,

[n-updA=[n-(T,V@)dA+[S,dv, (3.20)
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where Ais the boundary of the control volume,V. The quantities in Eq. (3.20) are calculated
with the finite volume method (Thompson et al., 1985; Versteeg and Malalasekera, 2007),
schematically summarized in Figure 3.5. In Figure 3.5a, a control volume is depicted in a
form of a triangular cell , where C; is the center of the cell, f is the center of the face KM, r,

is the vector from the center of the cell to f and A, is the normal vector to the face KM

with length equal to |KM|.

The Eq. (3.20) is approximated over a control volume,V as follows:

D p@cu A =D T VD, A +S,V, (3.21)

where i runs over the faces enclosing the control volume, f, denotes evaluation at the center,

f,of the face i, and @, is the value of d®at f.

(a)

Figure 3.5: (a) A typical triangular cell used in the finite volume method. (b) Two quadrilateral neighboring
cells.

The values of the unknown variables to be solved for are the values of ® at the center
of each cell, @ .The values of @ at the faces of each cell are calculated by using a second

order upwind scheme:

D, =D +VD T, (3.22)
1 -
vV, =\72q>fi A, (3.23)

with CT)fi being the average of the values at the neighboring cell centers (Figure 3.5b):

~ O, +D
O, =—2 G, (3.24)
' 2
In Eq. (3.21), r,is the displacement vector from the upstream cell center to the face center.
Alternative schemes for the computation of @ can be applied, such as first-order upwind

and power-law schemes (Ansys 12.1/Fluent Documentation, 2009; Versteeg and
Malalasekera, 2007). Eventually, V@ is computed by a central difference scheme:
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1

Vo, = E[(vq%o )+ (V)| (3.25)
The substitution of Egs. (3.21), (3.22) and (3.25) in Eg. (3.20) yields the system of

algebraic equations to be solved for the unknown values of @ at the center of each cell. At

each cell, the corresponding algebraic equation becomes:

aCOCDCO = Z aneighq)neigh + S’ (326)

neigh
where aare the linearized coefficients at the neighboring cell centers (cf. Figure 3.5). The set
of Egs. (3.26) can be written in the more compact, matrix form:

A, =b, (3.27)

where A is the matrix of coefficients, @ is the vector of the unknown variables and b is the

vector of the source values. In our case, ®. comprises the unknown values of the velocity,
pressure, temperature and species mass fractions.

The finite volume solution algorithm is iterative in nature, and in a converged solution
the so-called residuals — discrepancies in the conservation equations — are very small. There
are no standard global metrics to be used as convergence criteria. The convergence criterion
used by the Fluent CFD code requires that the residuals R,

ZCO Z aneigthneigh +S— a‘COCDCO
R, = reloh . (3.28)

Zco ‘acoq)co‘

become lower than 107 for all equation (Ansys 12.1/Fluent Documentation, 2009). However,
for the computations on CVD of Al and Fe in this thesis, a more strict convergence tolerance
deemed necessary; it was set to 10°. This choice followed the careful monitoring of the
residuals of the species equations along with the change of the corresponding mass fractions.
For convergence acceleration, the so-called pressure-based coupled algorithm is chosen
within the Fluent code, which in contrast to the so-called segregated algorithm, solves a
coupled system of equations comprising the momentum equations and the continuity
equation (Ansys 12.1/Fluent Documentation, 2009). However, the memory requirements
increase by 1.5 - 2 times compared to the segregated algorithm. The required memory for the
solution of the 3D problem with the coupled algorithm is 2 GB.

3.2. Modeling and computations at the nanoscale

The nanoscale model is stochastic and based on the kinetic Monte Carlo (kMC)
algorithm (Battaile and Srolovitz, 2002; Cavallotti et al., 2004; Chaterjee and Vlachos, 2007;
Gillespie, 1977, 2001). The Monte Carlo method (MC) has been used extensively to study the
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equilibrium as well as the time evolution of spin lattice systems with nearest neighbor
interactions (Binder and Stoll, 1973; Bortz et al., 1974; Fosdick, 1963). MC-type methods
can also be used to study non-equilibrium and kinetic phenomena (kMC) for which the
exploration of phase space must be performed along a Markov chain of states (Battaile and
Srolovitz, 2002). A thermodynamic MC approach samples random system configurations in
an attempt to lower energy, whereas a KMC algorithm tracks the temporal evolution of a
system by stochastically choosing among the state-dependent sets of transitions available to
the system (Battaile and Srolovitz, 2002). The two main ingredients of a KMC algorithm are
the identification of the possible surface events and the determination of the rates at which
these events can occur. In this thesis, the kMC algorithm can handle three major surface
events: adsorption, desorption and migration. The algorithm is implemented in C/C++
language; the calculation related to the surface events are carried out on a computational
lattice and incorporate C++ classes which allow the handling of multiple surface sites as
groups, in a computationally cost effective way.

3.2.1. The computational lattice

For the description of surface mechanisms during MOCVD on an initially flat surface,
a pseudo-3D kMC stochastic model is developed on a rectangular computational lattice,
schematically shown in Figure 3.6a, by applying the solid-on-solid approximation. As a first
approach to the experimental data and without ignoring the crystallinity and the structure of
the obtained Al and Fe films, the model is chosen to be coarse-grained. Coarse-graining
amounts to using a simple cubic structure as a computational lattice, despite the fcc and bcc
structures and the (111) and (100) textures of the Al ad Fe films, respectively. The
implementation of this approximation for the computational lattice reduces computational
effort since the interactions between the surface atoms and consequently the order of the
model are limited. By a fitting procedure of the sticking coefficient (see §3.2.3. and Chapters
4 & 5), the model reproduces accurately the experimental values of the roughness of the film
surface.

Within the KMC model the interactions among the surface atoms extend only to the
first-nearest neighbors (Gilmer and Bennema, 1972), which for the case of the simple cubic
lattice are 5 — 12 and 8 for the fcc (111) and the bcc (100) structures of Al and Fe,
respectively. The first-nearest neighbor approximation is schematically depicted in Figure
3.6b. The probability of an adatom reaching the surface (yellow sphere) to perform a
nanoscopic event depends only on the neighboring atom of the bottom layer (green sphere)
and the four neighboring atoms of the same layer (blue spheres) that surround the selected
adatom.
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(a) Adsorption Desorption i

: Migration

Figure 3.6: Schematic description of the stochastic kMC model. The algorithm accounts for adsorption,
desorption and migration events occurring on an initially flat surface (a) of a simple cubic lattice where first-
nearest neighbor interactions among 5 neighboring adatoms are considered. (b) The yellow sphere represents the
selected atom to perform a surface event based on its 4 neighbors from the same layer (blue atoms) and the
neighbor from the bottom layer (green atom). The numbering of the neighbors is random.

The implementation of such an approximation, results in a reduced number of
interactions between the surface atoms and consequently in a reduced computational effort,
without sacrificing accuracy. Indicatively, the CPU time required for KMC simulations of the
Al (Aviziotis et al., 2016) and Fe surfaces is approximately 3 h; a similar to the presented
kMC model applied in (Vlachos, 2008), requires 73 min of CPU time, for a 40x40 lattice and
without incorporating migration events. Acceleration of the computations can be achieved —
1.8 min of CPU time, for the latter case — when appropriate methods, such as the t-leap
method, are applied (Gillespie, 2001; Vlachos, 2008). In contrast, at the nanoscale level,
exact atomistic simulations instead of coarse-grained computations are used for the detailed
reproduction of the surface microstructure nut highly increase the computational
requirements. An example is the homoepitaxial growth of Ag on Ag (111) and the diffusion
of Ag monolayer islands on Ag (111) reported by Latz et al. (2012); in this model, the
detailed crystallographic structure of Ag along with interactions among second nearest
neighbors is used to perform on the fly simulations for the reproduction of the exact Ag (111)
growth. This type of simulations yields an almost hundredfold increase of the computational
requirements and self-learning models are applied to reduce the high computational cost
(Latz et al., 2012).

The applied nanoscale algorithm has been validated by Cheimarios et al. (2011) and
Cheimarios (2012) for the epitaxial growth of Si(001). In these works, it has been shown that
the formation of dimer structures and the different dimers orientation depending on the
deposition rate can be predicted by the KMC model as observed experimentally by Hamers et
al. (1989).
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3.2.2. The kinetic Monte Carlo (kMC) algorithm

The surface events simulated by the kKMC algorithm are modelled as Markov
processes by transition probabilities per unit time (Berg, 2004). The adsorption rate, i.e., the
probability of an impinging atom to stick to the surface upon collision is given by the kinetic
theory of ideal gases (Lam and Vlachos, 2001):

n __ SP
" Cn 27 MK, T,

Is the adsorption rate, s, is the sticking coefficient (explained in the next section),

(3.29)

Here R,

S

P, is the partial pressure, C,, is the concentration of free sites where adsorption events occur

tot

and T, is the surface temperature. The surface density of adsorption sites is taken 10%

sites/m? (Vlachos, 1997) and the partial pressure is calculated based on the mass fractions of
the species contributing to deposition (e.g. precursors) provided by the macroscale (see
83.3.). It is noted at this point, that species which reach the surface and contribute to the
deposition of solid Al and Fe, are totally converted to the corresponding solid atoms.

The desorption rate depends on the local activation energy and the first-nearest
neighbor interactions. The desorption rate is given by

nE
Ries(N) =1, exp(— T ] (3.30)
B's

with E being the single bond energy, v, the frequency factor, n=12,...,5 the number of

nearest neighbors and R, (n) the desorption rate depending on this number. The desorption

des

energies used for the simulations of Al and Fe surfaces are taken from the literature and are
presented in the corresponding chapters.

Surface migration (or diffusion) is modelled as desorption followed by re-adsorption
and its transition probability is given by:

nkE
Rmig () =vy, exp(_ K,T. J' (3.31)

E-E

mig

where v, :exp( J is a factor associated with the energy difference that a surface

B's
adatom has to overcome in order to migrate from one lattice site to an adjacent one in the
zero adsorbate concentration limit. E, ; is its migration energy. Since the initial flat surface is
covered quickly by the corresponding solid adatoms, only the migration energy
corresponding to the diffusion of Al on Al and of Fe on Fe is considered (Chapters 4 & 5).

This energy accounts for both in-plane (intralayer) and across step edges (interlayer)
diffusion that is the Schwoebel-Elrich (ES) barrier is taken equal to 0 (Chapters 4 & 5).
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The time step used is given by:

In&
At=——2, 3.32
R (832

where & is a random number in the interval (0,1) and R, is the total transition probability

per unit time which is expressed as:

2 nE
Rtot = RadsNT +V0[1+V1]Z Nn expﬂ_k_.rj’ (333)
n=1 B's

with N, being the total number of active atoms on the surface of the simulated lattice and

N, the number of atoms having n nearest neighbors.

It should be noted that among R-quantities, only adsorption is fitted to the
experimental data through the sticking coefficient (see 83.2.3.); migration and desorption are
not. Their relative importance in the overall simulation of the surface events and the
calculation of the roughness are discussed in the corresponding chapters.

The surface is initially flat and it is updated after every adsorption, desorption, or
migration event. For simulations, periodic boundary conditions are used, i.e., each atom
which moves out of the boundary of the domain, is replaced by an atom which enters the
domain from the opposite boundary. Since the adsorption probability is site independent, the
surface atoms are grouped into classes according to their number of nearest neighbors. The
total probability for a given class is provided by Eq. (3.33). The transition probabilities are
calculated a priory and every KMC trial leads to the realization of an event. After each event,
time evolution is performed in a continuous way based on the duration of the event.

The structure of the classes in the kMC algorithm is presented in Figure 3.7. The
algorithm starts by selecting a random number. Based on its magnitude, a nanoscopic event
(adsorption, desorption, migration) and a class are selected. Subsequently, a site is randomly
picked from the class and the surface event finally occurs. After each event, the classes are
updated and the transition probabilities are re-calculated.

Selection of a

random number Class 1
Adsorption |Desorption E Migration |....
NTRads N1Rdes(1) E N1Rmig(1)

Figure 3.7: Selection of a class to perform a nanoscopic event and a class. A class consists of a group of surface
atoms according to the number of their first-nearest neighbors. Grouping the surface atoms into classes reduces
the computational cost.

115



I.G. Aviziotis, Ph. D. Thesis, Chemical vapor deposition of Al, Fe and of the Al,3Fe, approximant
intermetallic phase: Experiments and multiscale simulations

Since this update is computationally expensive, it is performed locally, around the nearest
neighbors of the atom, avoiding the screening of the entire lattice. The local updating of the
algorithm results in important savings in computational time, since it is practically
independent of the lattice size (Reese et al., 2001).

The deposition rate (DR) is given by the difference between adsorption and
desorption rates:

DR=R, -R (3.34)

des*

In order to calculate the two rates accurately and to reduce noise effects, the events-counting
method is applied (Lam and Vlachos, 2001), e.g., for the calculation of the adsorption rate,
the events which lead to the adsorption of atoms on the surface are counted and this number
is divided by the time period within which adsorption events are performed. Then, the surface
roughness is determined using the following formula of the root mean square (RMS)
roughness:

e \/zf;il[hi+l,j s T+ =0, T4 —h, T+hya—h, T

N,N,

, (3.35)

where N, =N,N, is the lattice size and h, ; is the thickness of the film at each lattice site.

lat

The lattice size used for the kMC model consists of N, =120 and N, =120 cells and it is

sufficiently high, since the results do not change for denser lattices.
3.2.3. The sticking coefficient

The KMC algorithm used here does not explicitly include chemical reactions and this
is done on purpose; indeed, the chemical information is incorporated in the sticking

coefficient (so in Eq. 3.29) through a fitting process that correlates this coefficient with T,.
By fitting s, to T, through the macroscopic deposition rate of Al or Fe films, all the steps

involved in the chemical reactions (precursor/intermediate species adsorption/desorption,
decomposition, products adsorption/desorption, inhibition of the surface by a product) are

“absorbed” in a so-called “effective s,”.

The fitting procedure is based on the macroscopic, experimentally measured
deposition rate which for each T, and each position of the substrate on the susceptor is

compared to the corresponding computed one. This comparison provides polynomial
relations between s; and T, (Chapters 4 & 5) which are applied for the KMC simulations.

The fitting is performed with the Matlab software by using a polyfit function procedure.

The sticking coefficient is treated as a “technical term” in order to illustrate the
efficiency of CVD processes towards film growth; it depends on all process parameters (e.g.,
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temperature, pressure, chemistry) and varies as a function of operating conditions (Vahlas
and Blanquet, 1998). The implementation of such type of relations for s, provides a

correlation of this quantity with the operating temperature while implicitly integrating
chemical reactions in the nanoscopic model. Thus, fast and accurate simulations are
performed for the MOCVD of Al and Fe by implementing a procedure which appears as a
purely physical one; i.e., involving single Al or Fe atomic events only. The incorporation of
an effective sticking coefficient in KMC algorithms for an insight into the chemistry has been
reported in Frenklach (1992).

3.3. Multiscale modeling: Linking macroscale with nanoscale

The methodology of linking the macroscale of a MOCVD reactor with the nano-
morphology of a thin film on an initially flat surface is presented schematically in Figure 3.8.
The term “linking” is used instead of “coupling” since the communication between the two
scales is one-way and the effect of microscopic features on macroscopic phenomena is not a
matter of investigation in this thesis. The linking is based on the assumption that the
deposition rate remains unchanged, i.e., it is independent of the simulated scale (Masi et al.,
2000).

At first, the computational problem is solved at the macroscopic level, as previously
described, in order to calculate the mass fraction of the species, at the boundary cells of the
surface. Upon convergence, the mass fractions are fed to the kMC model for the calculation
of the adsorption probability of the atoms on the surface. Termination of the nanoscale
simulations is signalled when the morphology of the surface, expressed by the RMS
roughness, does not change with time as shown in Figure 3.9.

L~ <

Adscirpeon Desorption

at boundary cells

Figure 3.8: Schematic description of the multiscale framework: The reactor scale (macroscale) applies the
experimental operating conditions to simulate the transport phenomena and feeds the kMC model with the mass
fractions of species contributing in the deposition which are calculated at the boundary cells of the surface
(nanoscale). The deposition rate remains unchanged regardless the simulated scale.
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The multiscale framework results in accurate and fast simulations as presented in the
next sections (Chapters 4 & 5), due to the coarse-grain assumption for the computational
lattice of the nanoscopic model and the bypass of the chemistry through the fitting procedure
of the sticking coefficient. The implementation of more detailed models accounting for the
actual crystalline structures and orientations of the simulated surfaces and the explicit
inclusion of chemical processes occurring at the surface level, will certainly lead to much
higher computational requirements, possibly fifty times higher CPU time.

0.4

0.3 -

0.2 +

RMS roughness

0.1 H

00 | | | |
0.0 02 0.4 06 0.8 1.0

dimensionless time

Figure 3.9: The RMS roughness as a function of the time frame set to the stochastic KMC algorithm. RMS
stabilizes at a dimensionless time of 0.75 and thus, the simulation may terminated.

3.4. Techinical aspects of the simulations

The macroscale as well as the multiscale simulations are performed in two computer clusters,
Pegasus (Pegasus, 2012; Cheimarios, 2012) and Andromeda (Andromeda, 2012; Cheimarios,
2012), located in the School of Chemical Engineering of NTUA. In particular, the 3D
macroscopic computations are performed with parallel processing.

Pegasus is composed of 16 nodes each consisting of 2 Xeon (3 GHz and 2 GB ram)
processors (32 processors/threads in total). The communication of the nodes is performed by
a Gigabit Ethernet and a faster Myrinet networks. The latter is based on MPI libraries for the
message exchange. The operating system of Pegasus is the free software Rocks 4.1.
Andromeda is a hybrid, shared memory cluster consisting of 4 nodes with 2, 6-cores, Xeon
X5660 (2.80 GHz and 16 GB ram) processors (48 threads in total). The communication
among the nodes is achieved with a Gigabit Ethernet network and the operating system is the
free software Rocks 5.4.
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Summary-Conclusions

A macroscale model is developed for the simulation, at steady state, of the
simultaneous transport and chemical reaction phenomena in the bulk of a CVD reactor. The
governing equations are discretized and solved within the finite volume method in 2D and 3D
domains. The macroscopic simulations will be used for analysing the MOCVD of Al and Fe
in the following chapters.

At the nanoscale, the evolution of the surface of the films is investigated. The
nanoscale model is based on a kMC algorithm which simulates adsorption, desorption and
surface events. The computational lattice is chosen to be a coarse one, different from the
actual crystalline structures of the films in order to reduce the computational effort. The
required chemical information at the surface level is incorporated in the sticking coefficient
through a temperature dependent function.

Finally, it is the multiscale model resulting by the linking of the two different scales
which enables simulations at the surface levels and the calculation of the surface roughness of
the deposited Al and Fe films. The linking is based on the assumption that the deposition rate
remains unchanged regardless the scale of simulation and it is realized by feeding the
stochastic KMC model with the output of the macroscopic model. Multiscale as well as
macroscale simulations of the CVD process provide information for the chemical
mechanisms and the surface microstructure, thus, ultimately allowing the control and
optimization of the process.
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Chapter 4: Investigation of the MOCVD of Al from
DMEAA: Experiments and simulations

In this chapter, the MOCVD of aluminum is presented from an experimental and a
computational point of view. Experimentally, depositions are carried out in a temperature
range to determine the Arrhenius plot of the process and characterizations of the films are
performed by means of SEM and interferometry to observe the microstructure of the films
and to measure the surface roughness. The modeling of the process at the macroscopic and
the surface level is based on the experimental data for the investigation of the mechanisms
and kinetics involved in the process as well as at the simulation of the surface
nanomorphology and the -calculation of the roughness. The experimentally and
computationally combined investigation of the MOCVD of Al aims at the creation of a robust
process with fully defined parameters for its application to the co-deposition and sequential
deposition with Fe.
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4.1. Experimental aspects

Deposition of Al films from DMEAA is performed in the reactor described in Chapter
2 (see §2.1.1.). The aim of this study is to investigate the evolution of the deposition rate as a
function of the temperature. The determination of the deposition rate at the different
temperature regimes allows choosing the proper operating windows for the co-deposition
and/or the sequential deposition of Al with Fe which is the ultimate goal of this work. At the
same time we aim at getting insight in the microstructural characteristics of the films and in
their evolution within the investigated temperature range, which strongly affect the final
properties of the film.

DMEAA is synthesized and supplied by Nanomeps. It is maintained with a cryostatic
regulator at 3°C permanently, i.e., below the freezing point of the compound (5°C), thus
enhancing its stability and strongly limiting its degradation (Matsuhashi et al., 1999). It is
worth recalling that vapor pressure increases with time, indicating departure of ligands and
degradation of the precursor. During the deposition experiments the precursor is regulated at
7°C. At this temperature, the vapor pressure of DMEAA is 0.7 Torr, according to Eq. (1.1)
(see 81.4.2. & §2.1.1.5.):

20 x 10 x 1 mm? Si(100) flat coupons are used as substrates. They are prepared
according to the protocol described previously (see 82.1.2.). In each experiment, three
substrates are placed at different radial positions of the susceptor, as presented in Figure 4.1,
with the aim to study the homogeneity of the films along the susceptor, in terms of thickness
and surface roughness; the two latter being simulated in the modeling of the process.

Figure 4.1: A schematic presentation of the location of the Si substrates on the susceptor.

Independent experiments are performed at eight different substrate temperatures, Ts,
in the range 139°C — 241°C (surface temperature is calibrated with a thermocouple attached
to the surface in deposition conditions — see 82.1.1.2.). The total pressure of the reactor,
Preactor, 1S fixed at 10 Torr. The lines and the walls of the reactor are thermally regulated at
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Tiines = 100°C and Tyais = 75°C, respectively. Pure nitrogen (N,, 99.998%, Air products) is
fed in the reactor chamber through a dilution line and a carrier line passing through the
precursor; both flow rates are regulated by mass flow controllers (see §2.1.1.4.) at Q_jiyion =

305 sccm and Q. ..ier = 25 SCCM, respectively, resulting in a total flow rate of N, equal to

Qy, =330 sccm.

The maximum inflow rate of the precursor, Qprec, in the reactor chamber is calculated
by the formula proposed by Hersee and Ballingal (1990) (see Eq. 2.1 — §2.1.1.5.). According
to this relation, for a saturated vapor pressure of DMEAA at 7°C of 0.7 Torr, the maximum
inflow rate of DMEAA in the process chamber equals 2 sccm. Experiments are processed in
the above fixed conditions, at the T reported in Table 4.1.

Table 4.1: Experimental conditions adopted for the CVD of Al from DMEAA.
#Experiment Expl Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8
T, (°C) 139 151 167 185 198 212 227 241
Fixed Twatis=75°C, Tiines=100°C, Preacior=10 Torr, Q,, =330 sccm, Q.. = 2 scem, Duration = 1h
conditions 2 P

The deposition duration for all experiments is 1 h, including the time required for the
initiation of the deposition to take place at each Ts. This incubation time is assumed to be the
time needed for the surface color to change. It embeds nucleation and first steps of growth
that they cannot be observed in situ in the used experimental setup. Hence, it is evaluated by
visual observation of the substrate surface through the windows of the reactor. In view of the
observed time scale (min) such observation allows convenient and rather precise
determination of the incubation time. The determination of incubation time provides the net
deposition rate. The latter is calculated by the mass gain over the effective deposition
duration, namely 1 h minus the incubation time. It is worth mentioning that the same
incubation time for all three substrates is considered, regardless their radial position on the
susceptor. This assumption holds true for the higher Ts, where the change of the color is fast
but it is less valid for the lowest T, where films seem to form more quickly on the substrate
which is at the central position (0 mm).

For the determination of the incubation time, we observe a sharp color transition from
reflecting grey (Si surface) to diffuse white (Al surface). Figure 4.2 shows the evolution of
the incubation time as a function of T (Aviziotis et al., 2015). A significant delay is observed
at low T (139°C), where the incubation time equals 310 s. It decreases almost linearly to 48 s
at 241°C where it stabilizes. The observed continuous decrease of the incubation time with
increasing the deposition temperature in the low to moderate temperature range, followed by
stabilization at high deposition temperature has been reported in the literature for the
deposition of Al from DMEAA on Si and SiO; substrates (Simmonds et al., 1993). The same
behavior has also been observed in the case of the CVD of Si (Kajikawa and Noda, 2005) and
Cu (Aviziotis et al., 2013).
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Figure 4.2: The incubation time as a function of the substrate temperature, T..

It can attributed either to the evolution of the sticking coefficient of the precursor on the
substrate with varying Ts, or to accelerated desorption of the adsorbents at higher
temperatures. The fact that it stabilizes above a temperature threshold shows that sticking
coefficient, desorption, or other surface phenomena become negligible with respect to the
high reaction rate.

The incubation time is activated by temperature, it depends on the precursor’s partial
pressure and it can be modulated by controlling the reactivity of the substrate. Investigating
nucleation mechanisms is beyond the scope of this work. Hence, the incubation time is only
used here to determine the net experimental deposition duration. However, such estimation
could lead to the overestimation of the deposition rate, since what it is assumed to be
incubation is actually the upper limit of the incubation time. We include this overestimation
in the measurements of the deposition rate by increasing the downside of the error bars (see
Figure 4.3).

Figure 4.3 is the Arrhenius plot of the process. Although it is difficult to distinguish
the reaction-limited regime from the transport-limited regime (Jang et al., 1998), the
increment of the deposition rate as the temperature increases up to 185°C implies a kinetically
limited regime. The definition of the limits between the reaction and the diffusion-limited
regimes is close to the range of previously reported data, where the maximum deposition
rates are obtained at about 150°C-160°C (Kim et al., 1996; Yang et al., 1998; Yun et al.,
1998a). The difference of 20°C-30°C can be attributed to the different setup of the reactor in
Kim et al. (1996) and Yun et al. (1998a), the distance between the susceptor and the shower
plate is 3 cm) and in the lower mass inflow rate of DMEAA in the reactor (0.01-1 sccm). The
non-discrete distinguishing between the two regimes reveals the high sensitivity of the
precursor to the reaction temperature and significant impact of the both the surface and the
gas-phase reactions to the deposition of Al, in the entire investigated temperature range.
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Figure 4.3: The Arrhenius plot of the MOCVD of Al from DMEAA. The deposition rate increases with T to a
maximum value at T,=185°C and then, is continuously decreasing.
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Above 185°C, the deposition rate presents a light decrease, prior to a steep reduction
at the highest investigated temperature that is, above 230°C. This abrupt change is assumed to
be due to competitive gas phase processes such as the high gas phase decomposition rate of
the precursor (Xenidou et al., 2010). The activation energy of the surface reaction is 19.682
kJ/mol, as it is estimated from the slope of the Arrhenius plot in the reaction-limited regime.
This value is in adequate agreement with the value of 22.192 kJ/mol reported in (Jang et al.,
1998) for the same process.

The overall behavior of the deposition rate as well as the chemical mechanisms
involved in the deposition of Al from DMEAA are investigated in terms of macroscopic
modeling, in the next paragraph.

The microstructure of the Al films deposited in this temperature range is observed by
SEM in the secondary electrons mode (see 82.2.1.). It is presented in Figure 4.4 (Aviziotis et
al., 2015), where surface and cross-sectional micrographs are shown for 139°C, 198°C and
227°C. Deposition at the lowest T (Figure 4.4a and b) show scattered grains on the surface
and form rough morphologies with poor uniformity and no continuity. As opposed to this
case, by increasing Ts (Figures 4.4c and d, and then e and f) the density of the film increases
because grains coalesced. Measurement of the mass gain, assuming Al bulk density, gives an
estimation of thickness of 907 nm (90 nm) and 833 nm (90 nm) for 198°C and 227°C,
respectively, to be compared with SEM measurements of 873 nm (x50 nm) and 804 nm (£50
nm), respectively. Comparison of film thicknesses estimated by mass difference and
measured on SEM cross sections reveals that, except for low Ts, the results are similar. This
is because at these Ts, films present low porosity, despite the observed surface roughness.
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Figure 4.4: Surface and cross-sectional SEM micrographs of Al films deposited at 139°C (a,b), 198°C (c,d) and
227°C (e, ).

Contamination (mainly O, due to the oxophilic nature of Al) and qualitative
composition of the films deposited at T;=139°C and T=198°C are determined by EDX
analysis (see 82.2.1.). The diagrams obtained for the different temperatures are shown in
Figure 4.5. Figure 4.5a is the EDX plot that corresponds to an Al film deposited at 139°C. It
IS pure, with no oxygen or nitrogen contamination. The low coverage of the surface and the
non-uniformity of this film are confirmed by the detection of Si from the bare substrate
surface. The film deposited at 198°C (Figure 4.5b) also consists of pure Al without any
contamination. Si detection from the substrate is very low, in agreement with the continuous,
uniform and thicker films in these temperature conditions.
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Figure 4.5: EDX elementary qualitative analysis of Al films obtained at the conditions corresponding to (a)

T.=139°C and (b) T,=198°C.

Visual inspection of the cross-section SEM micrographs of Figure 4.4 reveals that,
there is a change of the morphology, and likely a decrease of surface roughness with
increasing Ts. Then, interferometry measurements (see 82.2.8) are used for the quantification
of the roughness. Five independent measurements are performed at different points on each
film and an average of the RMS value is reported. 1.4 x 1.4 mm? interferograms of the Al

surfaces are presented in Figure 4.6 for T,=139°C (a) and Ts=227°C (b).

Comparison of the difference between the maximum and the minimum heights for the
Al films processed at the lowest Ts (Figure 4.6a) with that observed at the highest T (Figure
4.6b) shows that the surface at 139°C is rough and that roughness decreases as Ts increases.
This specific topography of the surface is compatible with the previously reported
conclusions from the visual observation of the films roughness from the SEM micrographs of
Figure 4.4. The roughness of Al films is high, especially at low T, and may be problematic if
not tailored properly. Therefore, the full data of the RMS roughness along with its behavior

as a function of the temperature are presented in the dedicated study of §4.3.3.
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Figure 4.6: Al surfaces as obtained from the interferometer showing the surface microstructure at (a) T,=139°C

and (b) T;=227°C. The height values presented within the labels in pm are exported from the interferometer.
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4.2. Macroscopic modeling of the process

Aiming at investigating the kinetic mechanisms prevailing during the growth of Al
films and at determining the corresponding kinetic parameters, a three-dimensional model
(3D) of the MOCVD reactor is built, based on the governing equations describing the
transport phenomena and the chemical reactions inside the reactor: The continuity, the
momentum, the energy and the species transport equations augmented with realistic boundary
conditions (Cheimarios et al., 2010; Deen, 1998) are discretized in 3D and solved with Fluent
CFD code (Ansys 12.1/Fluent Documentation, 2009). The set of the governing transport
equations is described in detail previously (see §3.1.3).

A constant mass inflow rate of 6.4332 x 10 kg/s is imposed at the inlet of the reactor,
calculated from the total flow rate (332 sccm) of the gas phase. No-slip condition is imposed
at all the walls of the reactor. At the outlet, a standard outflow boundary condition is used and
an overall mass balance correction is imposed (Ansys 12.1/Fluent Documentation, 2009). The
values of the temperature are set as provided after its calibration on the surface of the
substrate, while the temperature at the walls and the inlet of the reactor are set equal to 348 K
(75°C) and 373 K (100°C), respectively, following the experimental setup. The pressure of
the reactor is set at 1333 Pa (10 Torr). Mass fractions of the species entering the reactor are
Yomeas = 0.02023 andy, =0.97977. These values correspond to the actual mass inflow rate

of the precursor in the reactor, which equals to 1.85 sccm (see below). Mesh dependency
study has been performed in order for our results to be mesh independent (Chapter 3 — see
83.1.2).

The Lennard-Jones (LJ) parameters, namely o and &/k,are the parameters of the LJ
potential which are needed for the estimation of the properties of the gas phase mixture in the
MOCVD reactor, such as viscosity, mass diffusivity, thermal diffusion coefficient, etc. o is
the radius of the molecules and &/k is the energy LJ parameter which is equivalent to the
attraction strength between molecules. For the unknown species, DMEAA, DMEA and AlHj3,
these values are calculated with group contribution methods (Fedors, 1982; Joback and Reid,
1987; Poling et al., 2001) and are presented in Table 4.2. The LJ parameters needed for the
rest of the species of the mixture participating in the reactions (H,, N,) are already
implemented in Fluent libraries (Ansys 12.1/Fluent Documentation, 2009).

Table 4.2: The LJ parameters of DMEAA, DMEA and AlHa.
species o (A elk (K)

DMEAA 6.39 294.36
DMEA 5.67 268.51
AlH, 4.39 355.17

4.2.1. Gas phase reactions and kinetics

The decomposition scheme of DMEAA which is examined (see §1.4.3) includes the
gas-phase and the surface dissociation of the Al precursor for the deposition of metallic Al.
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Experiments for the CVD of Al from DMEAA with the use of in situ FTIR analysis
(Yun et al., 1998b) have shown that the homogeneous gas phase decomposition of DMEAA
yields the production of dimethylethylamine (DMEA — [(CH3).C,Hs]N) and alane (AlH3) as
described by the following reaction:

DMEAA,,, — AlH,,, + DMEA . (4.1)

3(9)

For the volumetric reaction 4.1, the Arrhenius law applied by Fluent (see Eq. 3.14 — §3.1.4) is
modified so as to account for a first order Arrhenius type kinetics, expressed by the following
equation (Aviziotis et al., 2015):

Ea as
R'ILg )CDMEAA,gas' (4-2)

gas

Rgas = kO,gas eXp(—

R, is the total gas phase reaction rate in kmol/m® and T Comeangs are the temperature

gas gas’
and the concentration of the precursor in K and kmol/m?, respectively, in the bulk of the CVD

reactor. The activation energy of this reaction is determined as E, . =40kJ/mol (Yun et al.,

a,gas
1998b). The pre-exponential factor is fitted based on the experimental data to
k,... =7.39x10° s (Aviziotis et al., 2015). For the fitting of k
higher temperatures, i.e., at the diffusion-limited regime where diffusion dominates and the
volumetric reaction occurs at higher rates. At this regime, a pre-exponential factor is defined
which is then applied for the simulation of the process at the reaction-limited regime for the
fine tuning of the k

the process is simulated at

0,9as 0,gas?

0.qas ValUe.

4.2.2. Surface reactions and kinetics

Several surface reaction pathways have been proposed for the surface decomposition
of DMEAA. According to Han et al. (1994) and Kim et al. (1996), its dissociation on the
surface follows that of TMAA, that is, first it produces an intermediate AlH3 adsorbed
compound and then, it further decomposes to solid Al. The successive reaction steps of the
surface decomposition of DMEAA can be condensed in the following overall reaction (Kim
et al., 1996; Xenidou et al., 2010):

3

DMEAA ;) —> Al + DMEA, +- Hy,. (4.3)

(9)

In the case of the surface reaction (4.3), the DMEA is rapidly desorbed from the surface, as
well as molecular hydrogen, i.e., we assume no inhibition of the surface from the by-products
of the surface dissociation of the precursor. The kinetics of the surface reaction which is
implemented in the macroscopic modeling is a first order Arrhenius kinetics, as for the case
of the gas phase reaction, expressed from the following equation (Aviziotis et al., 2015):
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Ea sur
Rsur = k0,sur EXp(— RT )CDMEAA,sur . (44)

sur

R, is the total gas phase reaction rate in kmol/m’s andT, Comeansr denote the

sur?
temperature and the concentration of the precursor in K and kmol/m?®, respectively, at the
equals 19.682 kJ/mol, as
determined from the slope of the deposition curve in the reaction-limited regime of the

Arrhenius plot (see Figure 4.3). Based on the experimentally measured deposition rates along
the susceptor radius for each temperature, the pre-exponential factor is fitted to

Koor =5.8579 m/s (Aviziotis et al., 2015). For the determination ofk

simulated at low temperatures (reaction-limited regime), where the surface reaction is the
controlling mechanism for the deposition of Al. Upon the definition of k, value at this

boundary cells of the surface. The activation energy E

a,sur

the process is first

0,sur?

0,sur
regime, simulations are performed at higher temperatures for the final fitting of the pre-
exponential factor. It has to be noted at this point, that considering the units of the surface
reaction rate and the concentration of the precursor provided by Fluent software, K, is

expressed in m/s for consistency reasons. Thus, for the case of the surface reaction this
parameter is an apparent pre-exponential factor rather than a real vibrational frequency.

4.2.3. The Arrhenius plot of the process

The implementation of the described chemistry model, along with the imposition of
the boundary conditions in the designed 3D reactor (see §3.1.1.) enable the simulation of the
Al deposition in the investigated temperature range. Figure 4.7 presents the Arrhenius plot of
the process reinforced with two additional lines corresponding to the predictions obtained
with the implementation of the model. Two different values for the mass inflow rate of the
precursor, namely 2 sccm (full line) and 1.85 sccm (dashed line) are shown in Figure 4.7. The
first value is estimated by entering our operating conditions in the formula proposed by
Hersee and Balingal (1990) (see Eq. 2.1 — 82.1.1.5.) (Aviziotis et al., 2015). This value has
been obtained by assuming that vaporization of the precursor in the bubbler proceeds at
thermodynamic equilibrium and that the conductance of the lines connecting the bubbler to
the deposition zone is infinite. Thus, this value corresponds to the upper limit of the precursor
flow rate in the reaction chamber. Consideration of this value within the modeling of the
process yields overestimated deposition rate in the reaction-limited regime.

For this reason, lower mass inflow rates of the precursor are examined as inputs at the
model, ranging from 1.5 sccm — 1.95 sccm. In all of the cases, fitting of the pre-exponential
factors of the gas-phase and the surface reactions is performed so as to be adapted to the
various values of the precursor’s input quantity. In the investigated mass inflow rates range
and after the fitting of pre-exponential factors, the best match between calculations and
experiments is obtained for an inflow rate value slightly lower than the upper limit, ca. 1.85
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sccm. As it can be seen in Figure 4.7, the computational predictions made with this value
improves the match of the deposition rate at low temperatures, while they maintain it close to
the low limit of the deposition rate at higher temperatures (Aviziotis et al., 2015). That is, the
change of the precursor’s inflow rate has a greater impact on the behavior of the deposition
rate at the kinetically-limited regime rather than at the diffusion-limited regime.
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Figure 4.7: The Arrhenius plot of the CVD of Al. Experimental measurements (squares) and computational
results for two different precursor inflow rates (lines) are shown.

The change of the mass inflow rate of DMEAA is associated with the quantity of the
precursor which reaches the surface and is available for the surface reaction. It is well known
that in the kinetically-limited regime the deposition rate is controlled by the surface reaction,
regardless the quantity of the precursor that reaches the surface, provided the feeding rate is
higher than the consumption rate for the deposition. Thus, in the investigated case, one would
expect that the change in the inflow rate of the precursor would influence more the transport-
limited regime.

In order to examine this fact, simulations are performed at a temperature of the
reaction-limited regime using two different values for the mass inflow rate: (a) 2 sccm, which
is the theoretical upper limit of the precursor’s input quantity and (b) 1.85 sccm, which
provides the best comparison between experiments and computational predictions in the
Arrhenius plot. These simulations aim at the investigation of the phenomena occurring at the
bulk of the reactor which yield lower deposition rates at the reaction-limited regime, when
the inflow rate decreases. Figure 4.8 shows the distribution of the mass fraction of the
DMEAA for the two different mass inflow rates applied in the model, at T;=151°C. It can be
observed that the slight decrease from 2 to 1.85 sccm in the initial flow rate of DMEAA
which enters the reactor leads to an important reduction, of the order of 17%, of its mass
fraction that reaches the surface and this reduction yields the decrease of the deposition rate.
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DMEAA
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Figure 4.8: The distribution of the mass fraction of DMMEAA in the reactor when T,=151°C, and the applied
precursor’s mass inflow rate is (a) 2 sccm and (b) 1.85 sccm.

Despite the fact that at 151°C the process proceeds at the reaction-limited regime,
where the surface reaction rate does not depend on the inflow rate of the precursor, it should
be considered that the applied chemistry model includes also a gas phase reaction, which may
consume an important quantity of the precursor even if low temperatures are set. Figure 4.9,
shows the temperature field (Figure 4.9a) and the rate of the volumetric reaction (Figure 4.9b)
inside the reactor, for T;=151°C. Indeed, the volumetric reaction occurs already at 151°C and
at even lower temperatures inside the reactor. It is concluded that the volumetric reaction rate
is such that consumes the precursor in the gas phase, preventing it to reach the wafer and
participate to the surface reaction. This behavior is quantitatively illustrated in Figure 4.10a,
which presents the evolution of the mass fraction of DMEAA as a function of the temperature
profile and the volumetric reaction rate along the distance between the inlet of the reactor and
the susceptor denoted by the green line in Figure 4.10b.

In particular, it can be seen from Figure 4.9 that at the inlet of the reactor where the
temperature is 100°C, the volumetric reaction has already taken place. As the mixture travels
within the tube the rate slightly decreases, since the temperature at that domain is lower, but
when the mixture approaches the susceptor, the rate increases and reaches its maximum. This
behavior of the gas phase reaction rate has a direct impact on the mass fraction of DMEAA.
In Figure 4.10, it is observed that the precursor mass fraction diminishes slowly until the
mixture gets close to the susceptor. There, the temperature is higher, and as consequence the
volumetric reaction rate increases abruptly and the DMEAA mass fraction drops steeply.
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Figure 4.9: (a) The temperature distribution field and (b) the volumetric reaction rate influenced by the
temperature field, when the applied surface temperature equals 151°C.

430

420

410

390

Temperature (K)

380 +

370

360

0.00

0.03

0.06
Inlet to susceptor (m)

0.09

0.022 -

0.020 ]

0.018

0.016

0.014

VAN JO uonovy ssejpy

0012 |

0.010 E

9.0x10°
8.0x10°"
7.0x10°
6.0x10°"
5.0x10°
4.0x10°
¢

3.0x10

2.0¢10°

(S U Ouny) a1e1 UOIILdS JLIAN|OA

(b)

Shower

0.125'm
Susceptor

Figure 4.10: (a) The dependence of the DMEAA mass fraction (blue line) from the volumetric reaction (red
line), according to the temperature profile (black line). (b) This dependence of the precursor’s mass fraction is
considered along the distance between the inlet of the reactor and its susceptor, as denoted by the green line. The

process temperature is 151°C.

In Figure 4.11, the computed deposition rates along the susceptor radius are compared
with the experimental measurements for T,=139°C (Figure 4.11a) and T=151°C (Figure
4.11b). The computed deposition rate in Figure 4.11a is slightly overestimated compared with
the experimental results. Since the deposition rate was low at this temperature, the color
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change was gradual and therefore difficult to observe. Hence, there is a large uncertainty for
this particular Ts. For T,=151°C the computed deposition rate is in satisfactory agreement
with experiments in both the Arrhenius plot (Figure 4.7) and along the susceptor’s radius
(Figure 4.11b) as it lies within deviation intervals.
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Figure 4.11: Deposition rate along the susceptor radius for (a) T,=139°C and (b) T,=151°C. Experimental
measurements (squares) and computational predictions (lines) are shown.

In Figure 4.12, the deposition rate along the susceptor radius is presented for two
temperatures of the diffusion-limited regime, i.e., 198°C and 241°C. In Figure 4.12a the
applied computational model predicts sufficiently reliably the experimental deposition rate in
terms of the measured order of magnitude. However, at 241°C (Figure 4.12b), the model fails
to predict the deposition rate distributed along the susceptor. This is not surprising since it
does not predict the abrupt drop observed in the Arrhenius plot as well.
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Figure 4.12: Deposition rate along the susceptor radius for (a) T,=198°C and (b) T,=241°C. Experimental
measurements (squares) and computational predictions (lines) are shown.
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The most common explanation is that the degradation rate of the precursor in the gas
phase is high and thus, less precursor reaches the substrate (Xenidou et al., 2010). Other
important reasons may be secondary competitive processes such as recombination of AlH3
molecules to form dimer or polymer intermediates (Yun et al., 1998b) and the recombinative
desorption of H, from the monohydride H,gs Surface state which occurs at high temperatures
on Si(100) (Nakajima et al., 2003; Robinson and Rodgers, 2000). The reaction mechanisms
along with the global first order Arrhenius Kinetics that are implemented in the described
macroscopic model can incorporate none of these effects and consequently cannot predict
abrupt changes in the deposition rate at high temperatures.

In both Figures 4.11 and 4.12, the trend of the distribution of the deposition rate as
predicted by the model is opposite comparing to the experimental measurements. This is
attributed to the computed distribution of the mass fraction of the precursor which is
presented in Figure 4.13 for T,=151°C (Figure 4.13a) and T,=198°C (Figure 4.13b). In this
figure, we can observe that moving from the center of the susceptor to its edge the mass
fraction of the precursor decreases. Thus, less quantity is available for the surface reaction
and consequently the deposition rate presents a slight decrease. However, at T;=198°C the
mass fraction shows a slight decrease at the edge of the susceptor, which is also depicted in
the behavior of the deposition rate at this temperature (Figure 4.12a). It is obvious that for the
experimental results the opposite behavior of the precursor’s mass fraction holds true; i.e., the
quantity of the precursor which reaches the edge is more comparing to its concentration at the
center of the susceptor. This discrepancy is due to the applied chemistry model which is not
describing in full detail the decomposition path of DMEAA.
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Figure 4.13: The distribution of the mass fraction of DMEAA along the susceptor as predicted by the model for
() Ts=151°C and (b) T;=198°C.

Different order kinetics might capture this trend as well as the steep reduction of the
deposition rate at high temperatures. The extraction of such kinetics can be performed from
feature scale simulations on complex surfaces (e.g. inside trenches) where the deposition rate
can be calculated locally (e.g. at the bottom or the sidewall of the trench) and compared to
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experimental deposition rates (Kokkoris et al., 2013). A different approach lies in the
implementation of a more complicated chemistry model including a fully detailed reaction
scheme for the decomposition of DMEAA and additional gas-phase reactions with their
corresponding kinetic expressions. The two approaches might be complementary to each
other; the detailed chemistry is investigated macroscopically for its accuracy and a primary
fitting of the required parameters is performed. Feature scale simulations are carried out for
the improvement of the fitting.

Still, the macroscopic approximation with the simple reaction pathway obtained by
the literature and the implementation of the first order Arrhenius type kinetics presented so
far it is not offset the reality and predicts with sufficient accuracy the experimentally
measured deposition rates in the temperature range 139°C-227°C. In the latter range, common
operating windows for the co-deposition process with elements such as Cu and Fe are
located. Furthermore, this simple to be applied Kinetics can be used as a reliable source for
the simulation of the surface evolution comprising surface roughness by performing
multiscale simulations.

4.3. Multiscale modeling of the process

The multiscale computational modeling presented here consists in a framework that
links the macroscale level described in §83.1 and 84.2 with the nanoscale model presented in
83.2. The investigation is focused on the surface evolution and more precisely on the
calculation of the surface roughness of an Al CVD film on an initially flat surface. Upon
convergence of the macroscopic simulations, the mass fraction of the precursor is fed to the
stochastic kMC algorithm and the simulation of the surface evolution starts.

4.3.1. Multiscale computations with the simple cubic lattice

As described in §3.2, the simple cubic lattice includes interactions among the five first
neighbors of the examined atom — one below and 4 at the same layer — and the investigated
surface is initially flat as shown in Figure 3.6. A parameter of crucial importance for the
calculation of the adsorption rate (see Eq. 3.29 — 83.2.2.) is the sticking coefficient, so. For its
calculation, a fitting procedure is adopted (Aviziotis et al., 2016); the computed deposition
rate is compared with the corresponding experimental one, which remains unchanged
regardless the simulated scale (see §83.2.3.), for each T and at each position of the substrates
on the susceptor. This comparison provides a 4™ degree polynomial relation between s and
Ts, presented in Eqg. 4.5 and used during microscopic simulations. The fitting is performed
within the Matlab software with a polyfit function procedure.

S, = —3.7316x10° xT,* +6.7438x10° x T, —4.5612x10° xT,> +13.69x T, —1538.6  (4.5)

The sticking coefficient is a technical term which is used in previous literature works
to illustrate the efficiency of the process towards film growth; it depends on all process
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parameters (e.g., temperature, pressure, chemistry) and varies as a function of operating
conditions (Vahlas and Blanquet, 1998). Thus, the implementation of such a relation for sy in
the present model provides a correlation of this technical parameter with the operating
temperature while implicitly integrating chemical reactions in our KMC algorithm. In other
words, we simulate the CVD process by performing physical vapor deposition microscopic
calculations.

The given dependence of so on Ts is valid only for the temperature range used in this
work, as the fitting is based only on experimental results obtained in this range. From Eq. 4.5,
it comes out that the increase of the temperature results in the increase of the sticking
probability according to a relation illustrated in Figure 4.14.
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Figure 4.14: The dependence of s, on T, within the investigated temperature range.

This correlation has already been observed in the literature (Kim et al., 1991; Matsuda
et al., 1990; Raupp and Cale, 1989; Yanguas-Gil et al., 2009) and can be explained by the
low pressure (flux-limited regime) (Yanguas-Gil et al., 2009), by the positive apparent
activation energy of the process (Raupp and Cale, 1989) and by the absence of a secondary
species which would operate as an inhibitor for the reaction (Yanguas-Gil et al., 2009). It is
also reported in Somorjai and Li (2010), that when molecules must dissociate in order to
adsorb on a surface, s, may increase with increasing temperature, indicating that there is an
activation energy for adsorption. This is suitable to the Al case presented in this work, where
we assume that the sticking coefficient includes the dissociation of the precursor molecule
and its adsorbed state and thus, it increases with increasing temperature.

The single bond energy, E, and the frequency factor, v,, needed for the calculation of

the desorption probability are taken equal to 77.19 kJ/mol (Stumpf and Scheffler, 1996) and
10" s (Albao et al., 2013), respectively. For the definition of the migration energy, E,. we

implicitly assume that the initial Si surface is covered quickly by Al adatoms, thus, the
migration energy corresponds to the diffusion of Al on Al and equals 6.465 kJ/mol
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(Papanicolaou et al., 2001). Within the model, this migration energy accounts for both in-
plane (intralayer) and across step edges (interlayer) diffusion. In such a way, it is implicitly
assumed an Ehrlich-Schwoebel (ES) barrier equal to 0 (Aviziotis et al., 2016). The zero ES
value is adopted also in previous works (Huang et al., 1998; Liu et al., 2002), where an
atomistic simulator for the 3D growth of Al is applied and where a small effect has been
observed for crossing Al (111) steps, except for very low temperatures. In the present study,
the simulations performed between 139°C and 241°C, indicate that the number of surface
migration events is negligible compared to adsorption events, especially at the lowest
temperatures of this range (see Figure 4.16 below), thus validating the ES=0 assumption.
However, in agreement with results reported for Al growth (Liu et al., 2002; Stumpf and
Scheffler, 1996) and for Ag and Fe growth (Evans et al., 2006), at lower temperatures the
rougher growth is attributed to the existence of a small ES barrier. The parameters applied to
the stochastic algorithm are summarised in Table 4.3.

Table 4.3: Parameters applied for the KMC stochastic algorithm.

Poa (P2) 1333.22
T, (°C) 139 -241
Concentration of surface sites, C,, (sites/m?) 10"
Single bond energy, E (kJ/mol) 77.19
Migration energy, E_, (kJ/mol) 6.465
Frequency factor, v, (s 10"

4.3.2. Surface evolution and RMS roughness

The experimental deposition rates are used to fit the so needed in the adsorption rate
expression of the stochastic algorithm. The main purpose of the multiscale framework is the
tailoring of the surface roughness through operating parameters of the reactor scale and in
particular the Ts (the operating pressure could also be considered as a parameter that
influences the roughness). Figure 4.15 presents the dependence of the RMS roughness on the
temperature for both experimental measurements and computational predictions (Aviziotis et
al., 2016). The RMS roughness of Al films deposited at the lower T (139°C) is high (0.6
um). RMS decreases with increasing temperature and shows a minimum value of 0.15 um at
ca. 198°C. Above this temperature RMS seems stable. It has been reported that above 200°C
the RMS slightly increases (Yun et al., 1998a) but in our case such slight increase would lie
within deviation intervals. Surface roughness is closely related to the change of the
microstructure of the film. At a surface temperature below 150°C, the Al deposit is not
continuous and is composed of grains with a broad size distribution, resulting in high
roughness. On the other hand, increasing Ts from 150°C up to 227°C results in smoother
surface morphology with coalesced grains and decreasing open porosity with increasing
deposition temperature. The computational model is close to the experimental data, since all
the predicted RMS values, except for T,=198°C, lie within the intervals of deviations.
Although a plateau is observed above 210°C in the experimental data, the trend of the
computational predictions is purely monotonous.
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Figure 4.15: Evolution of RMS roughness with surface temperature, T,. Experimental data (black squares) and
multiscale predictions (cyan triangles) are shown. Error bars correspond to deviations from minimum and
maximum experimental values.

In order to further understand these discrepancies, we analyze the occurrence of the
mechanisms implemented in the KMC algorithm, i.e., adsorption, migration and desorption.
Figure 4.16 shows the number of surface events — directly correlated with R-quantities (see
Eq. 3.33 — 83.2.2)) — as a function of T (Aviziotis et al., 2016). We observe that in all the
temperature range, adsorption dominates the process, since the number of adsorption events
is much higher than the corresponding number of migration and desorption events. Migration
and desorption increase as temperature increases in conjunction with a steep decrease of

adsorption.
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Figure 4.16: The number of surface events as a function of T,. Adsorption, migration and desorption are
illustrated by black squares, green triangles and brown circles, respectively.
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Despite the predominance of adsorption, the impact of the migration on the RMS roughness
is significant. In particular, it can be seen that as the number of migration events increases,
the surface roughness decreases. This trend is monotonous, as opposed to the experimental
data of Figure 4.15 which show a plateau. We suppose that after 210°C, when the order of
magnitude for migration and adsorption approach each other, migration is no longer
negligible, hence the ES=0 assumption becomes questionable. The plateau in the
experimental data of Figure 4.15 indicates that the smoothening of the surface is not
effective, whereas it apparently occurs in the multiscale model. With a non-zero ES barrier,
migration would not lead to such an efficient smoothening but rather to some aggregation at
step edges, concurring to the increase of the simulated RMS. Then, the match between
experimental and predicted RMS would improve.

The main impact of desorption is on the deposition rate; at high temperatures where it
is observed that desorption events are increased, the Al deposition rate is reduced (Aviziotis
et al., 2015; Xenidou et al., 2010).

Figure 4.17 shows the topography of the simulated surfaces (6a, 6b) and of the
corresponding experimental surfaces (6¢, 6d) characterized by interferometry (Aviziotis et
al., 2016). The surfaces are processed at 151°C (6a, 6¢) and 227°C (6b, 6d) and the surface
heights are shown for each temperature.

Heights (nm)

I 738
I 755
I 772
789
806
823
840

Heights (nm)

I 780
N 785
I 790
795
800
805
810

Figure 4.17: The morphology of the surface as predicted by the multiscale computational framework (a,b) and
as obtained by optical interferometry (c,d) for 151°C and 227°C, respectively. Color scale is the same for both
experimental and computational results which are at the same T..

Although we are performing coarse-grained and not atomistic simulations at the
nanoscale level, we observe that there are similarities among the simulated and experimental
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surfaces, such as spiky peaks at low temperatures and block-like configurations at higher
temperatures. Indeed, at the low T both the experimental and the computed surfaces seem
homogeneous with, however a significant difference between the minimum and the
maximum heights resulting in high RMS values. On the other hand, at high Ts the surface
seems rougher at a large scale but the small differences among the surface heights yield lower
RMS values for both the experimental and the computed surfaces.

The accurate simulation of the surface microstructure and the control of RMS
roughness through the variation of the operating conditions of the reactor open a new avenue
for the control of the properties of the final film. In the next section an example is introduced
with the tentative calculation of the electrical resistivity.

4.3.3. Estimation of the electrical resistivity

For the estimation of electrical resistivity, the extended Fuchs-Sondheimer model (FS
model) (Timalshina et al., 2015) is applied which is described by the following equation:

31
Po = Pouk ga(l_ p)AL+aa’), (4.6)

where where p,, =2.7 pL.cm(Giancoli, 1995) is the resistivity of sheet Al, 4 =5nm
(Kanter, 1970) is the electron mean free path in Al films, d is the thickness of the film and p
is the specularity parameter ranging from 0 (completely diffuse) to 1 (specular scattering)

(Timalshina et al., 2015). The effect of RMS roughness is denoted by @ (@ =+/RMS ) and
a, B are additional empirical parameters that can be adjusted to fit the data (Timalshina et

al., 2015). The FS model is has been tested to calculate accurately the resistivity for film
thicknesses in the range 20 nm — 500 nm (Timalshina et al., 2015). Despite the high film
thickness (ca. > 500 nm) of the Al films, this particular model is chosen because it takes into
account the RMS roughness explicitly.

Figure 4.18 presents the measured (red spheres) and the computed (black spheres)
electrical resistivity (Aviziotis et al., 2016). The arrow on the (x,y) plane corresponds to a
perfect match between experimental and simulated RMS and points towards the increase of
the roughness. The red and black points are projections on the (y,z) plane and along with the
blue curve are guides to the eye for the evolution of the electrical resistivity with increasing
roughness. It can be seen that electrical resistivity increases with increasing roughness from
10 pQ.cm at RMS 0.15 pum to ca. 80 pQ.cm at RMS 0.6 um. These values and the observed
evolution of the electrical resistivity are attributed to the increased scattering of the rough
surfaces and to their significant contribution to the resistivity (Machlin, 2006). Moreover, the
propagation of conduction electrons is inhibited by grain boundaries, therefore, the latter may
contribute a significant excess resistivity in polycrystalline Al films (Francombe, 1988).
Finally, O contamination within the film can lead to higher resistivity values. Such
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dependence of the electrical resistivity on the RMS roughness has also been reported for
other materials (Tang et al., 2003; Timalshina et al., 2015).

As previously mentioned, the extended FS model (Eq. 4.8) is applied to estimate the
electrical resistivity of Al films, while the thickness and the RMS roughness are provided by
multiscale simulations. Concerning the specularity parameter, we assume a completely
diffuse scattering from both the top and bottom surfaces of the Al film, that isp=0 , a

statement that holds true for surfaces with high roughness (Kanter, 1970). Finally, by fitting
the estimated resistivity to the experimental data, we finda =30, =5.6. The physical

meaning of these parameters is not clear (Timalshina et al., 2015) and their fit may not be
unique. However, we privilege the accuracy of the computed RMS values in order to have a
reliable estimation of the electrical resistivity. The estimation of the electrical resistivity with
the extended FS model appears to be fairly good with regard to the corresponding
experimental measurements and both datasets present the same trend. As roughness
decreases, the discrepancy between experimental data and results provided by the multiscale
model increases. This is attributed to the fact that in our estimations we do not incorporate
any information for grain boundaries or contamination which may become predominant.
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Figure 4.18: The measured (red spheres) and estimated with the multiscale model (black spheres) electrical
resistivity of Al films as a function of the experimental and the simulated RMS roughness.

These results about electrical resistivity illustrate the importance of controlling the
surface roughness of a developed film, since it impacts the final properties. In this case and
by assuming that roughness of crystalline materials often corresponds to the existence of

grain boundaries, it may account for the increase in electrical resistivity through grain
boundaries scattering of the electrons.
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Summary-Conclusions

The CVD of Al from DMEAA is experimentally and a computationally investigated
with the aim to correlate the evolution of both the deposition rate and the microstructure of
the films with the deposition temperature within the investigated temperature range between
139°C — 241°C. The obtained insight and correlation allow the tuning of the operating
conditions for the co-deposition and the sequential deposition of Al with Fe.

Deposition from DMEAA results in pure Al films without any heteroatoms
contamination such as C and N which are part of the precursor molecule, or O from the
residual partial pressure in high vacuum. Increase of the deposition temperature results in Al
films with increased density and decreased surface roughness. It also results in films with
higher uniformity and better surface coverage. The incubation time which is taken into
account for the determination of the net deposition rate, is high (ca. 310 s) at the lowest
deposition temperature and it linearly decreases to 48 s at the highest temperature. This
behavior of the initiation of the deposition process may be attributed to the different sticking
coefficient of the precursor on the substrate and to accelerated desorption of the adsorbents at
higher temperatures.

The Arrhenius plot of the process can be divided in three regimes. The first one lies
within the temperature range 139°C — 185°C and contains a reaction-limited component
where the surface reaction impacts the process and where the deposition rate increases with
increasing temperature. Above 185°C and up to 227°C, the process is controlled by the
diffusion of the reactants through the boundary layer to the surface. In the diffusion-limited
regime, Al deposition rate has a maximum value of ca. 15.5 nm/min at 185°C and then
remains relatively stable, with a slight decrease to ca. 13.5 nm/min at 227°C. Finally, above
227°C the deposition rate of Al abruptly decreases, attributed to the high decomposition rate
of the precursor in the gas phase which prevents the reactants to reach the surface.

A computational model based on the continuum mechanics is built for the
macroscopic simulation of the process in order to investigate the various phenomena
occurring in the CVD reactor. For the gas phase and the surface chemical reactions, first
order Arrhenius kinetics are implemented which are based on the obtained experimental
results. In particular, the activation energy of the surface reaction is taken from the slope of
the reaction-limited regime of the experimental Arrhenius plot, whereas the two pre-
exponential factors required in the kinetics expressions are fitted on the experimental results.
The activation energy for the gas phase reaction is provided by the literature. Two different
mass inflow rates of the precursor are used, that is, the upper limit value corresponding to the
thermodynamic equilibrium in the bubbler and infinite conductance of the gas lines and a
lower value provided by the realistic assumptions that the gas — liquid interactions in
DMEAA bubbler are not fully efficient, part of the precursor is degraded in the lines before
entering the reactor, and that the conductance of the gas lines is not infinite.
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The results from the computational analysis show satisfactory agreement compared to
the experiments, especially within the range 139°C — 227°C. We observe that the decrease of
the precursor mass inflow rate improves the deposition rates obtained at the reaction-limited
regime, despite the fact that at this temperature range the surface reaction dominates the
process. Hence, it should be independent on the quantity of reactants.. However, the applied
chemistry model also includes a gas phase reaction which consumes an important quantity of
the precursor even at low temperatures. Indeed, the dependence of the gas phase reaction rate
on the temperature is presented and it is illustrated that even at 100°C the volumetric reaction
occurs. Thus, by considering also that the temperature increases as the surface of substrate is
approached, the reaction rate of the gas phase reaction becomes important in the reaction-
limited regime, the quantity of the precursor on the surface reduces and the deposition rate
decreases, approaching better the experimental one.

On the other hand, above 227°C the model fails to predict the experimental deposition
rate and a large discrepancy between the model and the experiments is shown. The main
reason for this failure is the high gas phase degradation rate of the precursor molecule. The
global chemical reactions and the first order Arrhenius kinetics implemented in the
macroscopic model cannot incorporate additional effects such as the formation of
intermediate species and, consequently, the model fails to capture the abrupt decrease of the
deposition rate at high temperatures. Further investigation is needed in order to develop a
more accurate model which will be valid in the whole temperature range. This investigation
can be done by applying a more detailed chemistry pathway and by performing microscopic
simulations on complex surfaces for the local calculation of the deposition rate. This research
is currently under investigation. However, the presented macroscopic framework is valid in
the temperature range 139°C — 227°C, where co-deposition requirements can be met.

Upon the computational analysis at the macroscopic level, a multiscale framework is
developed for the simulation of the surface evolution and more specifically the calculation of
the RMS roughness and the electrical resistivity of Al films produced by the CVD process. In
particular, for the two parameters the values obtained by performing multiscale computations
are compared with those provided from experiments. Multiscale computations allow fetching
from the surface of the growing film the information needed to compute the aforementioned
properties.

The multiscale framework links the macroscopic 3D model of the reactor with a
stochastic kinetic Monte Carlo algorithm through the mass fractions of the precursor on the
vicinity of the substrate and with the assumption that the deposition rate remains unchanged
regardless the scale of simulation. The outcome from the macroscopic model is fed to the
nanoscale model which simulates the evolution of the film and calculates its surface
roughness and through the latter, its electrical resistivity. The chemical information for any
reactions of the precursor such as its decomposition on the surface, are incorporated in the
sticking coefficient. For the latter, a temperature dependent function is implemented by fitting
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experimental deposition rates at various temperatures and at various positions on the
susceptor.

The obtained results from the multiscale model are compared with the corresponding
experimental values of Al films processed in the same conditions. The RMS roughness
decreases with increasing the process temperature from 0.6 pum at 139°C to 0.15 pm at 198°C.
The calculated RMS values lie within the deviations of experimental measurements resulting
in a very good agreement between the experiments and the predictions obtained by multiscale
simulations.

However, above 210°C the experimental RMS shows a plateau which is not captured
by the multiscale framework. The latter presents a monotonous decrease of the roughness
with increasing temperature. Within all the temperature range, adsorption dominates the
process, while desorption and migration events are few. Temperatures increase results in the
increase of migration, which despite the predominance of the adsorption has a great impact
on the RMS. This effect is due to the fact that as temperature increases above 210°C,
migration is no longer negligible and the ES=0 assumption becomes controversial.
Incorporating a non-zero ES barrier in the multiscale simulations, migration would lead to a
possible aggregation at step edges with a successive increase of the RMS, rather than to a
smoothening of the surface which is observed by the presented results of multiscale
modeling.

The electrical resistivity of the films increases with increasing surface roughness from
10 pQ.cm at RMS 0.15 pum to ca. 80 pQ.cm at RMS 0.6 um, mainly due to the increased
scattering caused by rough surfaces and to higher grain boundaries density which results in
the entrapment of electrons. The behavior of the electrical resistivity is quantitatively
reproduced when the calculated resistivity is correlated with the simulated RMS of the films.

The developed multiscale computational framework can be implemented to perform
computational analysis for the simulation of similar surface phenomena taking into
consideration the formation of more complex structures, such as the formation of dimers and
trimmers. The incorporation of chemical reactions at the nanoscale and the consideration of
the exact physical crystallographic structure (fcc for Al) of the developed material within the
nanoscale algorithm is expected to enable simulation of more complex processes and surface
features such as island formation and grain boundaries.
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Chapter 5: Investigation of the MOCVD of Fe from
Fe(CO)s: Experiments and simulations

In this chapter, the MOCVD of iron is presented from an experimental and a computational
point of view. Experimentally, depositions are carried out on Si substrates, in a given
temperature range to determine the Arrhenius plot of the process. Characterizations of the
films are performed by means of SEM, EPMA, XRD and mechanical profilometry to
determine the structure and the composition of the Fe films, their microstructure and their
roughness. The modeling of the process at the macroscopic and the surface level is based on
the experimental MOCVD process and aims at the investigation of the mechanisms and
kinetics involved as well as at the simulation of the surface nanomorphology and the
calculation of the roughness. The combined experimental and computational investigation of
the MOCVD of Fe aims at the establishing of a robust process with fully defined parameters
for its application to the co-deposition and sequential deposition with Al.
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5.1. Experimental aspects

Deposition of Fe films from Fe(CO)s is performed in the reactor described in Chapter
2 (see §2.1.1.). The aim of this study is to investigate the evolution of the deposition rate as a
function of operating conditions, such as temperature, pressure, and deposition duration. The
determination of the deposition rate in the different temperature regimes combined with the
corresponding investigation of the MOCVD of Al, allows identifying the proper operating
windows for the co-deposition and/or the sequential deposition of the two metals which is the
central goal of this work. At the same time, we aim at getting insight in the microstructural
characteristics of the films and in their evolution within the investigated temperature range,
which strongly affect the final properties of the film.

Fe(CO)s is supplied by Sigma-Aldrich and Fischer Scientific and is used as received.
It is maintained with a cryostatic regulator at -18°C permanently, i.e., close to the freezing
point of the compound (-20°C), where its degradation is limited. It is worth recalling that
vapor pressure increases with time, indicating degradation of the precursor through release of
CO ligands. The temperature of -18°C during the deposition experiments corresponds to a
Fe(CO)s vapor pressure of 1.88 Torr, according to Eq. (1.2) (see 81.5.2. & 82.1.1.5.).

10 x 10 x 1 mm?® Si(100) flat coupons are used as substrates. They are prepared
according to the protocol described previously (see 82.1.2.). In each experiment, five
substrates are placed at different radial positions of the susceptor, as presented in Figure 5.1.
The aim is to observe the variations of the deposition rate at different radial positions.

Wi g

Figure 5.1: A schematic presentation of the location of the Si substrates on the susceptor during the MOCVD of
Fe from Fe(CO)s.

Independent experiments are performed at 13 different substrate temperatures, Ts, in
the range 130°C — 250°C (surface temperature is calibrated with a thermocouple attached to
the surface in deposition conditions — see §2.1.1.2.). For the investigation of the dependence
of the deposition rate on Ts the total pressure of the reactor, Prector, IS fixed at 10 Torr. The
lines and the walls of the reactor are maintained at room temperature. Pure nitrogen (N,
99.998%, Air products) is fed in the reactor chamber through a dilution line and a carrier line
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passing through the precursor; both flow rates are regulated by mass flow controllers (see
§2.1.1.4.) at Qy_ giuion =302 sccm and Q.. =3 ScCM, respectively, resulting in a total flow

rate of N2 equal to Q, =305 sccm.

The maximum inflow rate of the precursor, Qprec, in the reactor chamber is calculated
by the formula proposed by Hersee and Ballingal (1990) (see Eq. 2.1 — §2.1.1.5.). According
to this formula, for a saturated vapor pressure of Fe(CO)s of 1.88 Torr at -18°C, the
maximum inflow rate of the precursor in the process chamber, equals 0.69 sccm. Experiments
are carried out in the above fixed conditions, at the T reported in Table 5.1.

Table 5.1: Experimental conditions adopted for the CVD of Al from DMEAA.

#Experiment Expl Exp2 Exp3 Exp4 Exp5 Exp6 Exp7 Exp8
T, (°C) 130 140 150 160 170 180 190 200
Corfgi‘zgns Tuats=25°C, Tiines=25°C, Preactor=10 Torr, Q, =305 sccm, Q.. = 0.69 sccm, Duration = 1h

Table 5.1 (cont’d): Experimental conditions adopted for the CVD of Al from DMEAA.

#Experiment Exp9 Expl0 Expll Expl2 Expl3

T, (°C) 215 223 232 240 250
Fixed Twats=25°C, Tiines=25°C, Preactor=10 Torr, Q=305 sccm,
conditions Qprec = 0.69 sccm, Duration = 1h

The deposition duration for all experiments is 1 h, including the incubation time. The
incubation time is estimated by visual observation of the substrate surface through the
windows of the reactor. The color transition in this case is from reflecting grey (Si surface) to
diffuse grey or black (Fe surface). Figure 4.2 shows the evolution of the incubation time as a
function of Ts. A significant delay is observed at the lowest T, (130°C), where the incubation
time equals 1800 s. It seems that, at this Ts, the energy provided from the heating to the
substrate is not enough to start the nucleation of the film. The net deposition duration is 30
min and as it will be shown the deposition rate is much less comparing to other temperatures.

The incubation time steeply decreases from 1800 s at Ts=130°C to 300 s at Ts=140°C.
It further decreases to 150 s for Ts up to 160°C. From T:=170°C and above, the incubation
time is almost negligible, as it remains below 50 s. The observed decrease of the incubation
time with increasing the deposition temperature in the low to moderate temperature range, i.e.
up to 160°C, followed by stabilization at high deposition temperatures is in agreement with
the trend observed in the MOCVD of Al (see Chapter 4) and with observations reported in
the literature, discussed therein. It is recalled at this point that the incubation time is only used
here to determine the net experimental deposition duration. The rough optical estimation of
this parameter may lead to the overestimation of the deposition rate, since what it is assumed
to be incubation is actually the upper limit of the incubation time. Such overestimations in the
measurements of the deposition rate are included in the error bars (see next Figure 5.3).
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Figure 5.2: The incubation time as a function of the substrate temperature, T..

Figure 5.3 is the Arrhenius plot of the process. The different regimes of the plot are
easily distinguishable. The deposition rate is continuously increasing with increasing Ts up to
Ts=180°C, implying a kinetically-limited regime. A transition regime is observed in the range
180°C — 200°C, where both surface processes and transport phenomena impact the process. In
this range, the deposition rate reaches a plateau and a maximum value at 200°C. At higher T,
transport phenomena dominate the process and the deposition rate decreases. The Arrhenius
plot is in agreement with results presented in Carlton and Oxley (1965), where it is reported
that below 200°C the deposition rate is very sensitive to temperature and it increases with
increasing Ts. It is also reported that above this temperature the rate remains relatively
unaffected. In more recent works (Lane and Wright, 1999; Lane et al., 1997; Senocq et al.,
2006; Zhang et al., 2016), it is reported that above T.=200°C the Fe deposition rate is
strongly decreasing, similar to our observations. In Lane et al. (1997) and Lane and Wright
(1999), the sharp decrease is attributed to an etching reaction of the film caused by the CO
ligands which are liberated from the thermal decomposition of the Fe(CO)s precursor.
Additionally to that, the sharp decrease of the deposition rate can be also attributed to the
increased homogeneous gas phase reactions of the reactants (Senocq et al., 2006). However,
as shown in Zhang et al. (2016) the etching reaction is thermodynamically unfavorable under
the low pressure CVVD conditions. Thus, the drop of the deposition rate is attributed to the
poisoning of the surface from the CO ligand.

In absolute values, the Fe deposition rate is in agreement with the results reported in
Lane et al. (1997) and Lane and Wright (1999), where same deposition conditions are
applied. Comparing to the work of Zhang et al. (2016), the thickness of Fe films presents a
threefold increase due to the longer duration of the deposition experiments (60 min
comparing to 10 min in Zhang et al. (2016)) and to the lower temperatures. The same
dependence of the deposition rate on the surface temperature is observed during the MOCVD
of Ni from Ni(CO), (Fau-Canillac and Maury, 1994; Lane et al., 1997), which belongs to the
same family of carbonyl precursors as the Fe(CO)s.
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The activation energy of the surface process is 27.9 kJ/mol, as estimated from the
slope of the Arrhenius plot in the reaction-limited regime. This value is in good agreement
with the value of 26+2 kJ/mol which is reported in Jackman and Foord (1989) for the
complete dissociation of the Fe(CO)s molecule on Si substrates.
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Figure 5.3: The Arrhenius plot of the MOCVD of Fe from Fe(CO)s on Si substrates. The deposition rate
increases with T to a maximum value at T,=200°C and then, is continuously decreasing.

From the comparison between the Arrhenius plot of Fe and Al, it can be seen that the
deposition rate of Fe is higher (see Figure 4.3 in 84.1.) within the investigated temperature
range. This may result in an a priori difficulty for the co-deposition and the sequential
process, since an Al-rich film is required for the formation of the targeted AlisFe,
approximant phase. For this reason, we experimentally investigate the effect of operating
conditions other than temperature, such as the pressure and the deposition duration, which
may result in the reduction of the Fe deposition rate. The effect of Preactor and deposition
duration on the deposition rate are examined at constant T,=180°C. This particular
temperature is chosen as it lies at the vicinity between the reaction-limited and the diffusion-
limited regimes, where diffusion phenomena are affected by the change of the pressure.

The results of this investigation are presented in Figure 5.4. Figure 5.4a shows an
eightfold decrease of the deposition rate from 58 nm/min to 7 nm/min when Presctor 1S
increased from 10 Torr to 40 Torr. This behavior can be explained by the reduced diffusion
of the gas phase to the surface, since the mass diffusion coefficient decreases with increasing
pressure (see Eq. 3.7 - 83.1.3.) and to the elevated decomposition rate of the precursor in the
gas phase. The latter not only reduces the concentration of the precursor which is available
for the surface reaction but also leads to contamination of the films by the liberated CO
ligands which reduces the free surface sites. A similar trend has been observed in Zhang et al.
(2016), where the increase of the pressure is achieved by adding CO in the input gas mixture
and in Fau-Canillac and Maury (1994) for the deposition of Ni from Ni(CO),.
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Figure 5.4: The dependence of Fe deposition rate on pressure and deposition duration. The lines show the trend
of the deposition rate.

Figure 5.4b shows the deposition rate as a function of the deposition duration. It can
be observed that at low deposition times of 30 min the deposition rate is low, 20 nm/min, and
it abruptly increases, in an almost threefold manner, to ca. 58 nm/min when the duration is
doubled. Further increase of the deposition duration shows no effects on the deposition rate,
as it is stabilized at 60 nm/min. The increase of the CO concentration could be a possible
explanation for this. As the duration of the deposition increases, the CO ligands produced by
the decomposition of the Fe(CO)s increase and poison the surface in such a way that after a
given time the surface saturates and the deposition rate reaches a limited value. This fact can
be confirmed by similar results reported in Zhang et al. (2016).

The overall behavior of the deposition rate as a function of the temperature and the
pressure, as well as the chemical reactions involved in the deposition of Fe from the
pentacarbonyl compound are modeled at the macroscopic level, below (see §5.2).

The microstructure of the Fe films deposited in this temperature range is observed by
SEM in the secondary electrons mode (see 82.2.1.). It is presented in Figure 5.5, where
surface micrographs are shown for 130°C, 150°C, 170°C, 190°C, 200°C and 240°C and cross
sections are shown for Ts=190°C and 200°C. Deposition at the lowest T (Figure 5.5a) show
scattered grains on the surface and form films with poor uniformity and no continuity. As
opposed to this case, at Ts=150°C (Figure 5.5b) faceted Fe grains start to form and the density
of the film increases because of grains coalescence. The size of the grains varies, as it is
shown in Figure 5.5b, where some larger grains emerge (bright contrast). When the
temperature is increased to 170°C and then to 190°C (Figures 5.5¢ and d), angular and
sharply-faceted grains are formed with apparently homogeneous size. The high density of the
film and the sharply-faceted grain morphology are confirmed from the cross section of Figure
5.5¢. However, at Ts=200°C (Figure 5.5e) the angular and faceted grain is attenuated, as it is
gradually replaced by an acicular morphology with further increasing temperature, to e.g.
Ts=240°C (Figure 5.5f). The acicular morphology may result in the increase of the film
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porosity, especially for temperatures higher than 200°C but on the other hand, roughness
decreases (see §5.4.2.).
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Figure 5.5: Surface SEM micrographs of Fe films deposited at 130°C (a), 150°C (b), 170°C (c), 190°C (d),
200°C (e) and 240°C (f). Additional cross sections images are shown for T,=190°C (g) and 200°C (h).

The cross section of Figure 5.5h at T;=200°C, shows a detached film, with columnar
morphology and reduced faceting. Cross sections above 200°C are not observed, since we
tend to define the common operating window for the co-deposition of Fe with Al in the range
130°C — 200°C (see also Chapters 4 &6). However, to complete the SEM analysis, we cite
previous works (Delsol et al., 2005; Zhang et al., 2016), where it is reported that films
deposited above 200°C or at higher temperatures may present a smooth and lamellar
morphology.

Measurement of the mass gain, assuming Fe bulk density, gives an estimation of
thickness of 3.4 um (0.1 um) and 3.7 um (0.1 pm) for 190°C and 200°C, respectively, to be
compared with SEM measurements of 3.5 pum (£0.05 pum) and 4.0 pm (x0.05 pm,
respectively. Comparison of the film thickness estimated by mass difference and measured on
the SEM cross section reveals that, the results are similar, for the case of a conformal and
dense film (Figure 5.5d) while they present small discrepancies for the film of the lower
density (Figure 5.5f). This can be explained by Figure 5.6 which presents SEM surface
micrographs at higher magnifications for films processed at 190°C and 200°C. It can be seen
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that at 190°C (Figure 5.6a) films present reduced porosity, whereas at 200°C (Figure 5.6b) the
trend for porosity is opposite.
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Figure 5.6: Magnified surface micrographs of Fe films deposited at (a) T,=190°C and (b) T,=200°C.

Roughness measurements are performed with mechanical profilometry (see § 2.2.8).
Profilometry is applied instead of interferometry, since the reflectance of Fe surfaces is
limited and leads to detection issues. For each film, a single measurement is performed and
reported for the RMS across a 1 mm line on the surface. Results are presented in Figure 5.7.
We observe that the RMS initially increases up to 150°C, from ca. 0.67 pm to ca. 0.75 pm.
Above this temperature and up to 190°C, a monotonous decrease observed, from ca. 0.75 pm
to ca. 0.48 pum. The film at 160°C (4™ point from the left) peeled off during the scratching of
the surface and for this reason it is probably off the trend. Beyond 200°C, the RMS decreases
and tends to stabilize at 0.16 um in the range 230°C — 250°C.
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Figure 5.7: Evolution of RMS roughness with surface temperature, T, as measured by mechanical profilometry.

The behavior of the RMS roughness can be directly correlated to the change of the
microstructure. As shown in Figure 5.5, at the lowest temperature the coverage of the surface
is poor and no faceted crystals are observed. The increase of the temperature up to 150°C
results in the enhanced surface coverage and in angular crystals which are sharply faceted.
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However, the variation among the size of the crystals leads to higher differences between the
maximum and the minimum surface heights and to the increase of the RMS. In the
temperature range 160°C — 190°C, the size of the angular crystals is more homogeneous,
resulting in a monotonous decrease of the roughness. Above 200°C the change of the crystal
structure from angular and faceted to acicular results first, to the sharp decrease of the RMS
and then to its stabilization. The modeling of RMS as a function of T is performed in § 5.3.2.

The composition of the films is investigated with EPMA for films deposited at
T=160°C, 200°C and 240°C. The results are summarized in Table 5.2. At 160°C, Fe is 90%
as O and C heteroatoms are up to 4% and 6%, respectively (at%). The C content may come
from the deposition temperature being relatively low, which could lead to incomplete
decomposition of the precursor, and its subsequent incorporation into the film. At 200°C, the
Fe and O contents are slightly increased to ca. 93% and 5.5%, respectively, whereas C is
significantly decreased to ca. 1.5%. The increased O contamination can be correlated with the
increase of the decomposition rate of the reactants in the gas phase which subsequently leads
to O incorporation in the films. The decomposition rate becomes even higher at more
elevated temperatures (240°C) and as a result the O contamination of the film is further
increasing to ca. 9% while Fe and C remain relatively stable (90-91% and 1-2%,
respectively). The same behavior of the atomic composition has also been observed in
Senocq et al. (2006). The relatively low O and C contamination at 200°C is compatible with
literature results (Jackman and Foord, 1989) where it is reported that the thermal MOCVD of
Fe from Fe(CO)s results in relatively pure films in which the O and C concentrations are a
few at%.

Table 5.2: EPMA analyses for Fe films deposited on Si substrates at T;=160°C, 200°C and 240°C.

T, Fe at% 0O at% C at%
160°C 90 4 6
200°C 93 5.5 1-2
240°C 90-91 8 1-2

Figure 5.8 presents the XRD analyses performed on films deposited at 160°C, 200°C
and 240°C. All peaks detected at T;=160°C can be attributed to bcc Fe (JCPDS no. 87-0722),
as shown in Figure 5.8a. The Fe peaks are even more intense at 200°C and 240°C, indicating
the bcc Fe is obtained in the investigated temperatures range. No crystalized graphitic carbon
is detected. Some small peaks at lower 26 angles such as at 28°, 34° and 38° for higher
temperatures has been reported to correspond to FesC in the literature (Delsol et al., 2005;
Senocq et al., 2006), but these observations cannot be confirmed in the examined case.
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Figure 5.8: XRD analyses of Fe films deposited at (a) T,=160°C, (b) 200°C and (c) 240°C.

5.2. Macroscopic modeling of the process

Aiming at investigating the kinetic mechanisms prevailing during the growth of Fe
films and at determining the corresponding kinetic parameters, a three-dimensional model
(3D) of the MOCVD reactor is built, based on the governing equations describing the
transport phenomena and the chemical reactions inside the reactor: the continuity, the
momentum, the energy and the species transport equations augmented with realistic boundary
conditions (Cheimarios et al., 2010; Deen, 1998) are discretized in 3D and solved with
Ansys/Fluent (Ansys 12.1/Fluent Documentation, 2009). The set of the governing transport
equations is described in detail previously (see § 3.1.3).

A constant mass inflow rate of 5.9177 x 10 kg/s is imposed at the inlet of the reactor,
calculated from the total flow rate (305.69 sccm) of the gas phase. No-slip condition is
imposed on the reactor walls. At the outlet, a standard outflow boundary condition is used
and an overall mass balance correction is imposed (Ansys 12.1/Fluent Documentation, 2009).
The values of the temperature are set as measured after its calibration on the surface of the
substrate, while the temperature at the walls and the inlet of the reactor are set equal to room
temperature (set at 25°C with an air conditioner for the entire duration of the experiments)
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following the experimental setup. For the investigation of the dependence of the deposition
rate on temperature, the pressure of the reactor is set to 1333 Pa (10 Torr), corresponding to
the experimental setup of the Arrhenius plot of Figure 5.3. Mass fractions of the species
entering the reactor are y., ., =0.01558 andy, =0.98442. These values correspond to the

mass inflow rate of the precursor in the reactor, which equals 0.69 sccm. Mesh independency
of the results is ensured, as for the Al case (Chapter 3 — 8§ 3.1.2).

The Lennard-Jones (LJ) parameters (see Chapter 4), required for the estimation of the
properties of the gas phase mixture are calculated with group contribution methods (Fedors,
1982; Joback and Reid, 1987; Poling et al., 2001) for the unknown species Fe(CO)s,
Fe(CO),, Fe(CO); Fe(CO), and Fe(CO), and they are summarized in Table 5.3. The LJ
parameters needed for the rest of the species participating in the reactions (CO, N,) are
already implemented in Fluent libraries (Ansys 12.1/Fluent Documentation, 2009).

Table 5.3: The LJ parameters of Fe(CO)s, Fe(CO)4, Fe(CO)s, Fe(CO), and Fe(CO).
species o (A elk (K)

Fe(CO)s 3.01 432.38
Fe(CO), 3.87 283.13
Fe(CO); 371 254.97
Fe(CO), 3.62 248.77
Fe(CO) 3.52 192.21

5.2.1. Gas phase reactions and kinetics

Several reaction pathways have been proposed for the decomposition of Fe(CO)s
including both gas phase and surface reactions (Barnes et al., 1991; Dateo et al., 2002;
Gonzéales-Blanco and Branchadell, 1999; Lewis et al., 1984; Seder et al., 1986; Xu and
Zaera, 1994; Zaera, 1991). The gas phase scheme consists of successive decarbonylation
steps of the pentacarbonyl precursor and recombination of the liberated CO ligands with
carbonyl intermediates.

The first step describes the break of the bond between Fe and one CO ligand for the
production of the intermediate Fe(CO),. The first decarbonylation step is found to be more
difficult than the other steps: the energy required equals 166.7 kJ/mol, as measured
experimentally (Lewis et al., 1984) and validated by DFT calculations (Gonzéales-Blanco and
Branchadell, 1999). This value is relatively high for the present simulations and for this
reason the lower value of 136.7 kJ/mol is adopted instead, by fitting this energy to the
obtained experimental data. The difference between the two values may be attributed to the
different experiments performed for the determination of the activation energy, namely
photo-dissociation of the precursor’s molecule (Lewis et al., 1984) and thermal heating as
energy source, in the present case.

The dissociation process of Fe(CO)s further proceeds through the loss of another CO
group from the Fe(CO),, resulting in the formation of the Fe(CO)s species. The activation
energy for this step is lower than previously and equals 79.9 kJ/mol (Sunderlin et al., 1992).
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The intermediate ligands continue undergoing decarbonylations for the successive formation
of Fe(CO), and Fe(CO). The energy required for the removal of one CO from the tricarbonyl
intermediate is determined to be 97.5 kJ/mol, while the corresponding for the loss of CO
from Fe(CO); 139.1 kJ/mol (Gonzéles-Blanco and Branchadell, 1999; Sunderlin et al., 1992).
It seems that the linear structure of Fe(CO), renders the intermediate more stable than the
tricarbonyl and the tetracarbonyl intermediates and higher energy is required for the
abstraction of the CO group.

Besides decomposition reactions, the iron carbonyl intermediates can also recombine
with CO ligands. The energies required for the recombination reactions are taken from Seder
et al. (1986). In particular, the recombination of Fe(CO), with CO for the formation of
Fe(CO)s occurs with an activation energy of 10.5 kJ/mol. Recombination of Fe(CO), and
Fe(CO); with CO to form Fe(CO)3 and Fe(CO)4, respectively, require 9.5 kd/mol. The lower
activation energies of these two reactions indicate that they occur easier than the
recombination reaction of Fe(CQO), with CO, due to the fact that the latter is spin forbidden
(Seder et al., 1986). Recombination reactions for the Fe(CO) ligand are not reported in the
literature. The gas phase reactions with their corresponding energies are summarized in Table
5.4.

For the gas phase reactions G1-G4 and G1'-G3', we modify the Arrhenius law
implemented in Fluent (see Eg. 3.14 — 8 3.1.4) to account for the stoichiometry of the
reactions. The two Arrhenius reactions rates used for the forward and the inverse reactions
are expressed by Eq. (5.1) and Eq. (5.2), respectively:

Ea,G
RGi = kO,Gi EXp(_ F) CFe(CO)i,gas’ (5.1)

gas

E.o
RG{ = kO,G{ exp(-— RT—GI) CFe(CO)i,gasCCO,gas’ (5-2)

gas

where R; and R, denote the identity of reactions, Cg,coy gos@Nd Ceo g are the gas phase
concentrations of each carbonyl species and CO, respectively, E,; and E,; are the

activation energies of the forward and the reverse reactions, respectively, and T is the

temperature of the gas phase in the reactor. The values of the pre-exponential factors of the
reverse reactions, K, ., are taken from Seder et al. (1986). The pre-exponential factors of the

forward reactions, k,  , are fitted to the experimental data. As for the Al case, in order to fit

the unknown pre-exponential factors of the gas-phase reactions, the process is simulated at
the high-temperature regime, where the reaction rates are high and diffusion becomes
dominant for the deposition process. The fitting of these parameters is facilitated by the fact
that not all the reactions have the same impact on the behavior of the deposition rate (see
5.2.3.). The pre-exponential factors fitted in the diffusion-limited regime are applied for the
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simulation of the process in the whole temperature range for a fine tuning. Values of the pre-
exponential factors for each reaction are summarized in Table 5.4.

Table 5.4: Details of the gas phase chemistry model. The Arrhenius rate expressions are given by Eqg. (5.1) and
Eq. (5.2). Activation energies are given in kJ/mol. The pre-exponential factors of the forward reactions are in s
units where for the reverse reactions in m*/kmol.s units.

ID Reaction Pre-exponential factors Activation energies
G1 Fe(CO), — Fe(CO), +CO 9.65x10" 136.7

G2 Fe(CO), — Fe(CO), +CO 8.96x10"2 79.9

G3 Fe(CO), — Fe(CO), +CO 1.25x10* 97.5

G4 Fe(CO), - FeCO +CO 3.96x10" 139.1

Gl Fe(CO), +CO — Fe(CO), 3.5x10’ 10.5

G2’ Fe(CO), +CO — Fe(CO), 1.3x10%° 9.5

G3' Fe(CO), +CO — Fe(CO), 1.8x10% 9.5

5.2.2. Surface reactions and kinetics

The deposition of Fe from Fe(CO)s can be attributed either to the complete surface
dissociation of the precursor (Carlton and Oxley, 1965; Jackman and Foord, 1989; Zaera,
1991) or to the surface dissociation of the Fe(CO)3 (Xu and Zaera, 1994; Zaera, 1991) and the
Fe(CO) (Dateo et al., 2002; Ricca 2001) intermediate compounds. In particular, the complete
surface decomposition of the precursor to Fe and 5 CO ligands is reported in Carlton and
Oxley (1965) and Jackman and Foord (1989). Moreover, a Langmuir-Hinshelwood type
kinetic equation is proposed (Carlton and Oxley, 1965) to express the poisoning of the
surface from the released CO. On the other hand, during the thermal decomposition of
Fe(CO)s, evidences for the existence of surface tetracarbonyl and tricarbonyl intermediates
are observed by performing TPD and XPS experiments (Xu and Zaera, 1994; Zaera, 1991).
The authors propose that the precursor adsorbs on the surface and decomposes to Fe and to
Fe(CO), and Fe(CO); intermediates. The Fe(CO); can lose the three CO with a relatively low
activation energy so as to contribute to Fe deposition. The dissociation of Fe(CO) to Fe and
CO has been proposed to occur during the formation of Fe catalytic particles (Dateo et al.,
2002).

The surface reaction pathway that we propose combines the works reported in the
literature. The Fe(CO)s which does not undergo gas phase dissociation, reaches the heated
surface and reacts completely for the formation of Fe and five CO groups. For the activation
of this reaction, the activation energy of 27.9 kJ/mol is used, estimated by the slope of the
Arrhenius plot in the reaction-limited regime which is in good agreement with the value of
26x2 kJ/mol obtained in Jackman and Foord (1989). Then, we consider that the gas phase
Fe(CO)3; which does not decompose, reaches the surface and decomposes to Fe and three CO
ligands with an activation energy of 75.3 kJ/mol (Xu and Zaera, 1994). Finally, the FeCO
produced by the successive, gas phase decarbonylations of the pentacarbonyl precursor may
contribute to the surface deposition of Fe. The activation energy for its bond dissociation
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equals 19.3 kJ/mol. The surface reactions with their corresponding activation energies are
summarized in Table 5.5.

In the above proposed scheme for the surface reactions, we do not consider the exact
surface pathway for deposition from Fe(CO)s, which includes first, the adsorption of Fe(CO)s
on the surface and then its decomposition to Fe(CO)4, Fe(CO); and Fe. Instead, we neglect
the adsorption of Fe(CO)s and we use the gas phase Fe(CO); which reaches the surface, as a
source of Fe. In this way, we incorporate its effect on the process and at the same time, we
keep the model as simple as possible. It has to be noted that the implementation of a 10-
reactions chemistry model (Tables 5.4 & 5.5) with their corresponding Kinetic rate equations
(Egs. 5.1, 5.2 & 5.3) results in the fitting of 8 parameters (pre-exponential factors) which is a
time consuming task. Thus, we choose to examine the accuracy of this realistic model with
regard to experimental results.

As we briefly discussed in 85.1, the steep reduction of the deposition rate at high
temperatures can be attributed to high gas phase decomposition rate of the precursor and to
the poisoning of the surface by CO ligand. Since no adsorption states of the precursor, its
intermediate products or the CO ligands are incorporated in the model, the effect of CO on
the deposition rate can be investigated by applying a Langmuir-Hinshelwood type kinetic
expression, which is given by the following equation:

Ea S;
kSi eXp(_ Ri-'l-l)CFe(CO)i,sur
Ry = SE , (5.3)
1+ kCO eXp(_ F\;al,-IC:O ) PCO,sur

S

whereR; is the reaction rate of each surface reaction, Cr, o, 4, 1S the concentration of the
Fe(CO)s, Fe(CO)s and FeCO species at the surface, T is the surface temperature, E,  is the
activation energy of each surface reaction andk; is the pre-exponential factor of the reaction

Si, which is fitted to the experimental data. For the fitting of these parameters, the process is
first simulated at the reaction-limited regime where surface reactions are more important than
gas phase reactions or diffusion mechanisms. Then, simulations are performed in the whole
temperature range for the better fitting of the pre-exponential factors. The denominator of Eq.
(5.3), which is referred as S4 in Table 5.5, expresses the inhibition of the deposition process
by the adsorption of CO.E,, is the adsorption energy of CO which is taken to be 89.9

kJ/mol (Carlton and Oxley, 1965), P, is the partial pressure of CO at the boundary of the

O,sur
surface and k., is the pre-exponential factor of this process. The latter is fitted to the

experimental data as described before, by starting from the diffusion-limited regime, where
inhibition by CO is more likely to occur. The values of the pre-exponential factors for each
reaction are summarized in Table 5.5. Since Fluent uses Arrhenius kinetics by default for the
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reaction rates (see 8§3.3.4.), we insert the Langmuir-Hinshelwood expression through a UDF
file written in C language (see §3.3.4.).

Table 5.5: Details of the surface chemistry model. Reaction rates are given by the Langmuir-Hinshelwood type
expression of Eq. (5.3). Activation energies are given in kd/mol. The pre-exponential factors of reactions S1-S3
are in m/s units, while that of S4 is given in Torr™, for consistency with the units of Fluent.

ID Reaction Pre-exponential factors Activation energies
S1  Fe(CO); —Fey, +5C0O,,, — Fe, +5C0O,, 2.4x10 27.9
S2 Fe(CO), — Fey, +3CO,,, — Fe,, +3CO,, 5.3x10’ 75.3
S3 FeCO — Fe,, +CO,, — Fe, +CO, 3.7x10" 19.3
S4 CO adsorption 3.8x10° 89.9

5.2.3. The Arrhenius plot of the process

Figure 5.9 presents the Arrhenius plot of the process. The computational predictions
are in very good agreement with experimental data and the model is able to predict the
behavior of the deposition rate over the entire temperature range. In particular, in the low
temperature regime, the predicted deposition rate approaches very well the corresponding
experimental data and lies within the deviations for the lowest Ts. It is reminded here that the
large deviation shown for this experimental point comes from a possible overestimation of
the incubation time. As temperature increases, and up to 215°C, the model continues to
predict accurately the measured deposition rates. Above this temperature, the computational
model follows the experimental trend that is, a steep reduction. However, the predicted
deposition rates are slightly underestimated.
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Figure 5.9: The Arrhenius plot of the CVD of Fe from Fe(CO)s. Experimental measurements (squares) and
computational results (line) are shown. Error bars correspond to the minimum and the maximum deviations of
the deposition rate and include possible overestimations due to large incubation times.
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We now further explore the successful prediction of the behavior of the deposition
rate. First, we compare the volumetric reaction rates and the mass fractions of the species
which contribute to the deposition rate, in the range 215°C — 223°C, where the steep
reduction of the deposition occurs. Then, we compare these results with those obtained at
Ts=140°C, i.e., in the reaction-limited regime, to investigate the occurrence of gas phase
reactions in this regime. It is recalled, that the goal is the co-deposition or the sequential
deposition of Fe with Al, thus, the latter step aims at showing if homogeneous reactions may
affect these two processes in the reaction-limited regime.

Figure 5.10 shows the volumetric reaction rates at T,=223°C (Figure 5.10a) and
T=215°C (Figure 5.10b), at a horizontal line 1 mm above the susceptor. Therefore it shows
the radial distribution from the center of the susceptor (0 m in the x-abscissa). Reactions
which are not shown yield zero reaction rate and are excluded from this investigation.
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Figure 5.10: The volumetric reaction rates at (a) Ts=223°C and (b) T,=215°C. For both figures the black lines
correspond to Fe(CO)s decarbonylation, the red lines to Fe(CO), decarbonylation, the blue lines to Fe(CO);
decarbonylation and the green lines to Fe(CO),+CO recombination. Other reactions give zero rates. (c) The
mass fractions of Fe(CO)s (black lines) and Fe(CO)s (red lines) at T,=223°C (solid lines) and T,=215°C (dashed
lines). (d) The mass fraction of CO T,=223°C (solid line) and T,=215°C (dashed line). All the quantities are
calculated along a horizontal line 1 mm above the susceptor.
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It can be seen that at the higher Ts the decomposition rates of the precursor and the
tetracarbonyl and tricarbonyl intermediates are higher than the corresponding rates at
Ts=215°C, resulting in the decrease of the precursor available for Fe deposition. Interestingly
enough, the rate of recombination of Fe(CO), with CO (green lines) is almost the same as the
decomposition rate of Fe(CO);z (green lines). As a result, the Fe(CO), decomposition (G4)
and consequently the FeCO decomposition (S3) do not occur, since all Fe(CO), intermediates
are consumed in the recombination with CO to form Fe(CO)s. The recombination of Fe(CO),
with CO yields zero rates, consistent to the literature reports (Seder et al., 1986), whereas the
recombination of Fe(CO); with CO occurs at negligible rates (of the order of 10 kmol/m?s),
due to the consumption of the tricarbonyl by the surface reaction (S2).

Figure 5.10c shows the mass fractions of Fe(CO)s and Fe(CO)s at Ts=223°C (black
and red solid lines, respectively) and Ts=215°C (black and red dashed lines, respectively),
still 1 mm above the susceptor. The mass fractions of the other carbonyl species are zero.
Following the trend of Fe(CO)s decarbonylation for these two temperatures, the Fe(CO)s
which is available for the surface reaction decreases at T,=223°C. On the other hand, Fe(CO)3
increases as a result of the increased decomposition of Fe(CO)s. This trend becomes more
intense as approaching the susceptor where the temperature increases and eventually, this
combination leads to the decrease of the deposition rate. As shown in Figure 5.10d, the CO
mass fraction is higher at Ts=223°C contributing to the reduction of the deposition rate (Eq.
5.3), which means that the surface process is inhibited by CO. Thus, the model validates the
two main reasons for the reduction of the deposition rate at high temperatures that is,
increased decomposition rate of the precursor (Senocq et al., 2006) and poisoning of the
surface by CO (Zhang et al., 2016).

Figure 5.11 shows the non-zero volumetric reaction rates of G1, G2, G3 and G3’
along with the mass fractions of Fe(CO)s, Fe(CO); and CO, at T,=140°C, on a horizontal line
located 1 mm above the susceptor.
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Figure 5.11: (a) The reaction rates of Fe(CO)s decarbonylation (black lines), Fe(CO), decarbonylation (red
lines), Fe(CO); decarbonylation (blue lines) and Fe(CO), +Co recombination (green lines) at T,=140°C. (b) The
mass fractions of Fe(CO)s (black line), Fe(CO); (red lines) and CO (blue line) at the same T,. All the quantities
are calculated along a horizontal line 1 mm above the susceptor.
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It can be seen that even at this low temperature the decomposition reactions occur, although
with lower rates than in 215°C and 223°C. The lower decomposition rates results in a higher
Fe(CO)s mass fraction and at the same time in reduced Fe(CO); and CO mass fractions
(Figure 5.11b).

We now focus on the surface (the abscissa is now confounded with the susceptor). In
Figure 5.12, the computed deposition rates along the susceptor radius are compared with the
experimental measurements at Ts=140°C (Figure 5.12a), T,=200°C (Figure 5.12b) and
Ts=240°C (Figure 5.12c). The experimental data show that in all cases the deposition rate
increases when moving from the center of the susceptor to the edge. Although, there is a
fairly good agreement between measurements and predictions, the model does not capture the
experimental trend. At Ts=140°C, the predicted rate is maximum at the center of the susceptor
and decreases to the edge. At T,=200°C and Ts=240°C, the predicted rate at the center of the
susceptor is overestimated, then, it reaches a minimum value and finally, increases again at
the edge.
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Figure 5.12: Deposition rate along the susceptor radius for (a) T,=140°C, (b) T,=200°C and (c) T,=240°C.
Experimental measurements (squares) and computational predictions (lines) are shown.

Figure 5.13 shows the mass fractions of Fe(CO)s and CO along the susceptor radius at
Ts=140°C (Figure 5.13a) and T,=200°C (Figure 5.13b). At the low temperature, a continuous
decrease of Fe(CO)s and Fe(CO); along the susceptor can be observed and at the same time

164



Chapter 5: Investigation of the MOCVD of Fe from Fe(CO)s: Experiments and simulations

the CO mass fraction slightly increases. This trend is similar to that of the deposition rate, as
shown in Figure 5.12a. At T,=200°C, the mass fraction of Fe(CO)s increases after 0.02 m
from the center of the susceptor while the mass fraction of Fe(CO); follows the opposite
trend and CO shows a small increase. The deposition rate at this Ts (Figure 5.12b) follows the
trend of the Fe(CO)s mass fraction but the curvature at the minimum value is more intense
due to the decrease of Fe(CO)3 and the increase of CO.
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Figure 5.13: Mass fraction of Fe(CO)s (black lines), Fe(CO); (red lines) and CO (blue lines) along the susceptor
at (a) Ts=140°C and (b) T,=200°C.

The discrepancies between the model predictions and experimental data can attributed
to the approximation applied for the participation of the Fe(CO)3 in the Fe growth. A more
precise surface pathway which will include the site adsorption of the precursor and its further
decomposition to Fe(CO),, Fe(CO); and Fe may palliate these discrepancies.

We now investigate the predictive capability of the model concerning the effect of the
pressure on the deposition rate and we present these results in the diagram of the deposition
rate as a function of the process pressure of Figure 5.14. It is recalled that for this
investigation the temperature is fixed at T,=180°C. In the discussion of Figure 5.4a, and by
using input from literature, we have speculated that the decrease of the deposition rate is due
to the higher decomposition rate of the precursor and to the decrease of the mass diffusion
coefficient. The computational predictions capture the decrease of the deposition rate and
show very good agreement against the experimental data.
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Figure 5.14: The dependence of the deposition rate on P, fOr both experiments (black squares with black
trendline) and computational predictions (cyan tringles with cyan trendline).

In Figure 5.15, we present the decomposition rates of Fe(CO)s (G1) and Fe(CO); (G3)
(Figure 5.15a) and the mass diffusion coefficient (Figure 5.15b, see Eq. 3.7 — §3.1.3.) of these
two species to support our assumption. The results are shown for Precior=10 Torr and
Preactor=40 Torr and at a horizontal line located 1 mm above the susceptor. It can be seen that
increasing the pressure the decomposition rates of Fe(CO)s and Fe(CO); are increased and
this results in the reduction of the deposition rate. Figure 5.15b confirms that the increase of
the pressure leads to the decrease of the mass diffusion coefficients of the species.
Consequently, the concentration of Fe(CO)s and Fe(CO); at the susceptor are lower and the
deposition rate is decreased.
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Figure 5.15: (a) The decomposition rates of G1 (black lines) and G3 (red lines) reactions and (b) the mass
diffusion coefficients of Fe(CO)s (black lines) and Fe(CO); (red lines) for Preor =10 Torr (solid lines) and 40
Torr (dashed lines). The temperature is fixed at T;=180°C.

The macroscopic modeling predicts the behavior of the Fe deposition rate for
temperature and pressure variations, in the investigated temperature range 130°C — 250°C.
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Less accuracy is observed in the predictions of the deposition rate along the susceptor radius.
The model can be improved in order to capture this trend also, by adding the surface
decomposition scheme of Fe(CO)s proposed by Xu and Zaera (1994). However, our results
give an insight to the chemical pathways of the decomposition of Fe(CO)s, and help to define
the operating conditions for the co-deposition and the sequential deposition of Al with Fe.

5.3. Multiscale modeling of the process

Our multiscale computational modeling is a framework that links the macroscale level
described in 8§3.1 and §85.2 with the nanoscale model presented in §3.2. The investigation is
focused on the surface evolution and more precisely on the calculation of the surface
roughness of a Fe CVD film grown on an initially flat surface. Upon convergence of the
macroscopic simulations, the mass fraction of the species contributing to the deposition rate
is fed to the stochastic kMC algorithm and the simulation of the surface evolution starts.

5.3.1. Multiscale computations with the simple cubic lattice

As performed in the multiscale modeling of Al growth, the simple cubic lattice is used
which includes interactions among the five first nearest neighbors of the examined atom. The
investigated surface is initially flat as shown in Figure 3.6. The sticking coefficient, S, is
fitted by comparing the computed deposition rate with the corresponding experimental one,
which remains unchanged regardless the simulated scale (see 83.2.3.), for each T and at each
position of the substrates on the susceptor. The 4™ degree polynomial relation between s and
Ts, provided by this fitting procedure is presented in Eq. 5.4 and used during microscopic
simulations. The fitting is performed within the Matlab software with a polyfit function
procedure.

S, =1.2157x107° xT,* —2.2791x107° x T, +1.5913x10° xT.? —4.9018 x T, +562.26  (5.4)

The implementation of such a relation for sy in the present model provides a
correlation of this parameter with the operating temperature while implicitly integrating
chemical reactions in the nanoscale algorithm. Thus, we simulate the CVD growth of Fe by
performing physical vapor deposition multiscale calculations.

The given dependence of sp on Ts is valid only for the temperature range used in this
work, as the fitting is based only on experimental results obtained in this range. From Eq. 5.4,
it comes out that the increase of the temperature results in the increase of the sticking
probability up to a maximum value and then to its decrease, according to a relation illustrated
in Figure 5.16.

The behavior of sy as a function of T, follows the trend of the deposition rate, shown
in Figures 5.3 and 5.8: a direct consequence of fitting. It is recalled that by fitting sy to the
experimental deposition rates, we implicitly incorporate in it, the chemical behavior of the
precursor or intermediate molecules on the surface. For the case of the MOCVD of Fe from
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Fe(CO)s, this information may concern the adsorption of molecules on the surface, their
surface dissociation or the poisoning of the surface by CO. Thus, the linear increase of sy up
to 200°C can be attributed the dissociation of Fe(CO)s and Fe(CO)s in order to adsorb on the
surface and the continuous decrease beyond 200°C to the poisoning of the surface from the
released CO which occupies surface sites and inhibits the adsorption of Fe(CO)s and Fe(CO)3
molecules.
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Figure 5.16: The dependence of s, on Ts, within the investigated temperature range.

The single bond energy, E, and the frequency factor, v,, needed for the calculation of

the desorption probability are taken equal to 57.89 kJ/mol (Amar and Family, 1995b; Bartelt
and Evans, 1995; Stroscio and Pierce, 1994) and 10 s (Evans et al., 2006), respectively.
For the definition of the migration energy, E_, we implicitly assume that the initial Si surface

is covered quickly by Fe adatoms, thus, the migration energy corresponds to the diffusion of
Fe on Fe(100) and equals 43.42 kJ/mol (Amar and Family, 1995a; Evans et al., 2006;). As for
the Al case, this migration energy accounts for both in-plane (intralayer) and across step
edges (interlayer) diffusion. That is, we assume an Ehrlich-Schwoebel (ES) barrier equal to 0.
The ES value lies in the range 2.89-5.79 kJ/mol, as determined by the comparison of
simulations with scanning tunnelling microscopy (STM) experiments (Amar and Family,
1995a) and it is much lower than that of migration energy, by an order of magnitude. A finite
non-zero ES barrier has been found to improve the simulations results with regard to STM
experiments at room temperature, whereas the implementation of both a zero and a small
positive ES value in the range 180°C — 250°C yield the same reflexion high energy electron
diffraction (RHEED) results, indicating that the effect of interlayer diffusion is much less
noticeable at these temperatures (Amar and Family, 1995a). In the present study, the
simulations are performed between 130°C and 250°C, thus assuming a zero ES barrier is
correct as a first approach. By neglecting the interlayer diffusion, we do not sacrifice the
accuracy of the model in the calculation of the roughness (See Figure 5.16) but surface
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features such as the formation of mounts cannot be captured. The parameters applied to the
stochastic algorithm are summarized in Table 5.3.

Table 5.3: Parameters applied in the kMC stochastic algorithm.

P, (Pa) 1333.22
T,(°C) 130 — 250
Concentration of surface sites, C,, (sites/m?) 10%
Single bond energy, E (kJ/mol) 57.89
Migration energy, E . (kJ/mol) 43.42
Frequency factor, v, (s 10"

5.3.2. Calculation of the RMS roughness

The experimental deposition rates are used to fit the s, needed in the adsorption rate
expression of the stochastic algorithm. The main purpose of the multiscale framework is the
tailoring of the surface roughness through operating parameters of the reactor scale and in
particular the Ts (the operating pressure could also be considered as a parameter that
influences the roughness). Figure 5.17 presents the dependence of the RMS roughness on the
temperature for both experimental measurements and computational predictions. It can be
seen that the multiscale framework predicts with sufficient accuracy the general behavior of
the RMS in the investigated temperature range. However, discrepancies exist at particular Ts.
We have seen from the experimental results (Figure 5.7) that at the lowest T, the coverage of
the surface is poor. This feature can lead to an underestimation of the roughness during
measurements. Additionally, neglecting the uncovered Si surface in the calculations may
cause errors at this temperature. Up to 160°C, the model predicts the small changes in RMS
quite well, except for the measurement at 130°C, where the surface of the film lacks
conformal coverage.
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Figure 5.17: Evolution of RMS roughness with surface temperature, Ts. Experimental data (black squares and
trendline) and multiscale predictions (cyan triangles and trendline) are shown.
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It is recalled that the experimental point at 160°C is off range. Moving at higher T and until
190°C, the experimental RMS decreases and the computational predictions follow this trend.
However, the step between 190°C and 200°C indicates an abrupt reduction of the roughness
which cannot be captured by the model. As discussed in Figures 5.5 and 5.7, this reduction is
attributed to the change of the crystals morphology from sharp-faceted to acicular. The
multiscale framework does not contain any information about the morphology of the crystals
and as a consequence, a smoother decrease of the RMS between these two Ts is predicted. At
higher temperatures, computational predictions are in agreement with experimental data. At
this point, the measured RMS appears to stabilize and the computed RMS captures this trend.

We now analyze the occurrence of the kMC algorithm events, i.e., adsorption,
migration and desorption. Figure 5.18 shows the number of surface events — directly
correlated with R-quantities (see Eq. 3.33 — §3.2.2.) — as a function of Ts. We observe that in
the entire temperature range, the number of adsorption events is much higher than the
corresponding number of migration and desorption events, and consequently adsorption
dominates the process. The trend of adsorption events seems to follow the behavior of the
deposition rate and of sp in the investigated temperature range, i.e., it increases up to a
maximum value at T,=200°C, and then it decreases. This is expected since the adsorption rate
incorporates Sp, and it expresses the chemical information incorporated in the sticking
coefficient.
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Figure 5.18: The number of surface events as a function of T,. Adsorption, migration and desorption are
illustrated by black squares, green triangles and brown circles, respectively.

Despite the predominance of adsorption, the impact of the migration, which is not fitted, on
the RMS roughness is significant. In particular, it can be seen that as the number of migration
events increases, the surface roughness decreases. At higher temperatures in the range 230°C

— 250°C, the number of migration events stabilizes explaining the plateau which is observed
for RMS in Figure 5.17. The number of desorption events slightly increases up to 200°C and
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increases faster up to 250°C, where they become equal to migration events. It is noted that
during the simulations we have observed desorption of Fe atoms with one neighbor,
exclusively, in consistence with literature where it is reported that at temperatures up to
250°C the probability to detach an atom with more than one neighbors is negligible (Amar
and Family, 1995b).

The accurate simulation of the surface microstructure and the control of RMS
roughness through the variation of the operating conditions of the reactor, such as Ts, may
allow the control of the properties of the final film, as shown for the Al case. More
importantly, the combination of these results with the previous experimental and
computational analyses opens the window for the co-deposition and the sequential deposition
processes.

Summary-Conclusions

The CVD of Fe from Fe(CO)s is experimentally and computationally investigated
with the aim to understand and control the behavior of the deposition rate as a function of the
temperature in the range 130°C — 250°C and the operating pressure at ca. 10 to 40 Torr.
Moreover, the evolution of the roughness is correlated with the deposition temperature within
the investigated temperature range.

Deposition from Fe(CO)s results in bee Fe films. The films contain a few percent of O
and C heteroatoms which are part of the precursor molecule. The incubation time which is
taken into account for the determination of the net deposition rate, is high (ca. 1800 s) at the
lowest deposition temperature, it decreases to 100-150 s in the range 140°C — 160°C and then
it further decreases and stabilizes at less than 50 s, for higher temperatures. This behavior at
the initiation of the deposition process may be attributed to the different sticking coefficient
of the precursor on the substrate and to accelerated desorption of the adsorbents at higher
temperatures.

The surface morphology varies with increasing temperature and these variations can
be correlated with the final surface roughness. In particular, at 130°C the surface coverage is
low and the uniformity of the films is poor. As a consequence, the roughness is high (ca. 0.65
um) but it might be underestimated because the initial flat Si surface is still measured. As
temperature increases to 150°C, faceted grains with varying size are formed and this results to
denser films with higher RMS values (ca. 0.75 um). Up to 190°C, RMS decreases to 0.53 pm
due to a finest size distribution of the crystals which remain angular and faceted. However, in
the range 190°C — 200°C a transition from sharply-faceted to acicular is observed; the
acicular character becomes preponderant at higher temperatures. The new morphology results
in the steep decrease of RMS to 0.34 um at 200°C and its stabilization to 0.18um at 250°C.

The Arrhenius plot of the process can be divided in three regimes. The first one lies
within the temperature range 130°C — 180°C; it is surface reaction-limited and the deposition

171



I.G. Aviziotis, Ph. D. Thesis, Chemical vapor deposition of Al, Fe and of the Al,3Fe, approximant
intermetallic phase: Experiments and multiscale simulations

rate increases with increasing temperature. Between 180°C — 200°C, both surface reactions
and transport phenomena impact the process. In this range, the Fe deposition rate has a
maximum value of ca. 60 nm/min at 200°C. Beyond this temperature, the process is
controlled by the diffusion of the reactants through the mass boundary layer to the surface.
The deposition rate of Fe abruptly decreases, which is attributed to the high gas phase
decomposition rates of the species contributing to the Fe deposition and to the inhibition of
the surface from the CO ligand which is produced by the gas phase decomposition reactions.
By investigating the effect of the deposition duration on the deposition rate, we see that for
durations lower than 60 min the deposition rate increase. Above 60 min it remains
unchanged.

A computational model based on continuum mechanics is built for the macroscopic
simulation of the process in order to investigate the various phenomena occurring in the CVD
reactor. The implemented chemistry model is set up by combining literature data, and
includes 7 gas phase and 3 surface reactions. The gas phase reactions describe
decarbonylation steps of Fe(CO)s and recombination reactions of the intermediate species
Fe(CO)y, x=2,3,4, with CO. For gas phase reaction Arrhenius type kinetics are implemented
with an order dictated by the stoichiometry of the reactions. The surface reactions express the
contribution of Fe(CO)s, Fe(CO)s; and FeCO in the Fe deposition. For surface reactions,
Langmuir-Hinshelwood type expressions are used to describe the poisoning of the surface by
CO. The activation energy of the surface decomposition of Fe(CO)s is taken from the slope of
the experimental Arrhenius plot and it is consistent with previous works reported in the
literature. The activation energies for the other reactions are taken from the literature with a
slight adjustment to the experimental data of this work. Pre-exponential factors are fitted in
order to match the experimental data, except for the recombination gas phase reactions for
which pre-exponential factors are found in the literature.

The macroscopic computational model predicts with high accuracy the behavior of
the deposition rate in the examined temperature range and it confirms that the steep reduction
of the deposition rate at high temperatures is due to the increased gas phase decomposition
rate of Fe(CO)s and Fe(CO); which yields less species available for deposition at the
susceptor surface. It further confirms that the concentration of CO at the susceptor increases
with increasing temperature and this implies inhibition of the surface. The computational
analysis shows that gas phase reactions occur also at the reaction-limited regime, but with
lower rates. Concerning the dependence of the deposition rate on the operating pressure, the
combined experimental and computational investigation shows that as pressure increases the
gas phase decomposition rates increase and the diffusion coefficients of Fe(CO)s and
Fe(CO); decrease. As a result the concentration of these species at the deposition surface
decreases and consequently, the deposition rate decreases. Results from the computational
model along the susceptor radius are in relatively good agreement with experimental
measurements but the experimental trend cannot be fully predicted. A more detailed
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chemistry path proposes the adsorption of Fe(CO)s on the surface and its subsequent surface
decomposition. Such a model may account for different surface sites along the deposition
surface and may improve the predictive capability in the radial direction.

Following the macroscopic computational analysis, a multiscale framework is
developed for the simulation of the surface evolution and more specifically the evolution of
the RMS roughness with temperature. In particular, the values of RMS calculated by
performing multiscale computations are compared with those provided from experiments.
The multiscale framework links the macroscopic 3D model of the reactor with a stochastic
kinetic Monte Carlo algorithm through the mass fractions of the species contributing to the Fe
deposition rate at the boundary of the surface and with the assumption that the deposition rate
remains unchanged regardless the scale of simulation. As for the Al case, any chemical
information is included in the sticking coefficient. This parameter is fitted to the experimental
deposition rates and a temperature dependent function is obtained. The graphical
representation of this function shows that the sticking coefficient decreases above 200°C, thus
accounting for the poisoning of the surface by CO and for the reduced surface decomposition
rates of Fe(CO)s and Fe(CO)s.

Results from the multiscale model are compared with the corresponding experimental
values of Fe films processed in the same conditions. The framework predicts the RMS
measurements with sufficient accuracy but discrepancies exist. The most important lies in the
range 190°C — 200°C. In this range, the model shows a monotonous decrease of RMS
whereas experimental data show a steep reduction. This discrepancy is attributed to the fact
that no information is incorporated in the model concerning the morphology of the crystals
and thus, the alteration of the microstructure in this range cannot be predicted. Finally,
multiscale simulations at higher temperatures follow the experimental trend, i.e. the
stabilization of RMS, in correlation with the number of migration events that reach a plateau.

The developed multiscale computational framework can be implemented to perform
simulations for more detailed systems. The incorporation of chemical reactions at the
nanoscale and the consideration of the exact physical crystallographic structure (bcc for Fe)
of the developed material within the nanoscale algorithm may allow the simulation of more
surface features such as island formation during the Fe growth.
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Chapter 6: MOCVD of Al with Fe: Formation of the
AlsFe, intermetallic structure

Chapter 6 presents the co-deposition and the sequential deposition processes of aluminum
with iron for the formation of the intermetallic Ali3Fe, approximant phase. The co-deposition
is first investigated as the most straightforward approach. Then the sequential deposition,
eventually followed by thermal annealing is applied due to problems arising from the co-
deposition process. The applied operating conditions of these MOCVD processes are
deduced from the unary depositions of Al and Fe presented in the previous chapters. A series
of characterization measurements are used for the definition of the chemical composition of
the films as well as for the observation of their structure and microstructure. The
development of the targeted Al;3Fe, approximant phase is described and discussed in details.
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6.1. The phase diagram of the binary Al-Fe system

The phase diagram of the Al-Fe binary system is presented in Figure 6.1 (Massalski, 1990),
with the aim to show the region of this diagram where the Al;3Fe, approximant phase is
located and to explain from the beginning the rational which is followed for the co-deposition
and the sequential deposition processes. In this phase diagram, the targeted Al;sFe, phase is
referred as AlsFe, a formula which has also been reported in the literature from other authors
(Black, 1955; Ellner, 1995; Grin et al., 1994).

It can be observed that in Fe-rich part of the phase diagram the first phases after the
solid solution (aFe) are AlFes and AlFe, at temperatures between 400°C-600°C (in this work,
we cannot apply temperatures higher than 660°C, since the latter is the melting point of Al).
Moving to the Al-rich part of the phase diagram, first the Al,Fe and the AlsFe, phases are
formed in a narrow composition range and for temperatures up to ca. 1160°C. When the Al
content reaches values in the range 75-77%, the AlisFe4 (AlsFe) phase can be formed in the
same temperature range. That is, by processing Al-Fe films, either by co-deposition or by
sequential deposition, Al(75)Fe(25) should be targeted. The final composition of the Al-Fe
films can be initially approached either by the ratio of the precursors in the input mixture or
by the thickness of each metal in the final film. The validity of both approximations is
presented in detail in the following sections.
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Figure 6.1: The phase diagram of the Al-Fe binary system from Massalski (1990).
It is recalled from previous chapters that depositions are performed at T < 250°C and
for this reason a post deposition annealing is applied after the sequential deposition. In the

next sections, the operating conditions which result to the desired Al-Fe composition within
the films are thoroughly presented and discussed. Also, the annealing conditions which lead
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to the formation of the targeted approximant phase are defined through a sequence of
experiments, and they are discussed with regard to the homogenization of the film.

6.2. The co-deposition of Al and Fe

The investigation of the CVD of unary of Al and Fe films allows defining appropriate
operating conditions in terms of deposition rate in order to proceed to the co-deposition of the
two metals in accordance with the AlisFe, composition. This statement holds if purity and
smooth microstructures are ensured in the CVD of unary Al and Fe. While this is the case for
purity (both Al and Fe films are practically heteroatoms free as presented in the previous 2
chapters), the question of their microstructure and of the impact of both microstructures on
the Al-Fe film processed by co-deposition remains an open question which will be discussed
at the end of this chapter in view of the results.

Another concern with the co-deposition process is the possible interaction among the
two precursors, their ligands and/or the by-products resulting from the partial or total thermal
decomposition, either in the gas phase or on the growing surface. In this perspective, and
since there is a lack of data for these interactions, knowledge of the temperature limits for the
reaction and the transport limited regimes for Al and Fe growth is a useful parameter to drive
the process, e.g. in a solely reaction limited regime (to reduce the impact of homogeneous gas
phase phenomena) or in a temperature range where deposition is controlled by the surface
reaction for one film and by diffusion phenomena for the other (to allow a supplementary
degree of freedom so as to obtain films with the appropriate elemental ratios).

Whatever the phenomena which control the co-deposition process, the Arrhenius plots
of unary Al and Fe films presented in the previous 2 chapters are valuable tools to make
progress towards the one-step deposition of the AlisFe, approximant phase. Figure 6.2
presents these Arrhenius diagrams in a single plot in order to compare deposition rates and
temperature ranges corresponding to reaction and transport limited regimes for both metals. It
is recalled at this point that, for the deposition of Al films (black squares) the flow rate of the
precursor is 2 sccm (Chapter 4) and for the Fe films (green squares) the precursor’s flow rate
equals 0.7 sccm, whereas the operating pressure for both processes is 10 Torr.

Figure 6.2 shows that the deposition rate of Fe is 50% higher than that of Al, almost at
every deposition temperature in the investigated range. It is questioning though because the
initial DMEAA/Fe(CO)s ratio in the input gas equals to 2.9. Whereas the conditions for the
transport of the two precursors from their vessels to the deposition zone are technically the
most favorable to maximize the Al/Fe ratio, the latter remains far from the targeted AlisFeq
composition. Therefore, the superposition of the two Arrhenius plots reveals an inherent
major difficulty for the processing of AlisFe, films by co-deposition. Despite this drawback,
the co-deposition of Al with Fe is performed in order to explore the possibility to obtain Al-
Fe intermetallics with a straightforward, one-step process.
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Figure 6.2: The two Arrhenius plots of the CVD of unary Al films (black squares) and Fe films (green squares)
performed at Piecior=10 Torr. The vertical red line corresponds to T selected for the co-deposition (see
description below).

6.2.1. Experimental process

Al-Fe co-depositions are performed in the MOCVD reactor described in Chapter 2. 10
x 10 x 1 mm® Si flat coupons are used as substrates (from Si(100) silicon wafers, Sil’tronix).
Cleaning is performed according to the protocol presented previously (see 82.1.2.). In each
co-deposition experiment, three substrates are put at radial positions on the susceptor
corresponding to a distance from the center equal to 0, 17 and 24 mm and illustrated in Figure
6.3. In this way, possible changes in the elemental composition of the films along the distance
from the center can be monitored.

Figure 6.3: Schematic illustration of the positions of Si substrates on the susceptor during the co-deposition of
Al with Fe. Numbers in [mm] correspond to the radial position of the center of the coupons to the center of the
susceptor.

Co-deposition experiments are performed at fixed pressure and temperature, namely
Preactor=10 Torr Ts=200°C. Within the prerequisites set for the co-deposition process (see
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Chapter 1), it is mentioned that during a co-deposition process it is preferable to operate at
low temperatures, i.e., in the reaction-limited regime, so as to have only surface reactions and
to avoid more complex gas phase reactions. However, as it is shown for both Al and Fe
systems investigated at the present case (see Chapters 4 & 5), homogeneous reactions occur
even at the low temperature range of the reaction-limited regime, and their presence is
inevitable in the co-deposition process. Thus, by choosing to work at this particular Ts we are
trying to limit the effect of the gas phase reactions, since Fe is processed in the limits of the
reaction-limited regime and Al at a low temperature of the transport-limited regime where the
decomposition of the precursor occurs with a moderate rate. Additionally, at this temperature,
the deposition rate of Al is maximum, which is required to approach the targeted Al-rich
composition of AlisFes. In terms of microstructure this Ts is the optimum for Al deposition
since the RMS of the films is minimum and their density is high. Concerning Fe films at this
Ts, their deposition rates is also maximum and their microstructure in terms of morphology is
less preferable although the roughness is decreased.

The gas lines and the walls of the reactor remain at room temperature (i.e., 25°C) in
order to avoid increased gas phase decompositions or reactions between the precursors. The
DMEAA and the Fe(CO)s precursors are evaporated from the bubbler as described in
82.1.1.5., and their mass flow rates in the input gas entering the reactor correspond to 2 sccm
and 0.7 sccm, respectively. Considering that each molecule of the precursors contains one
atom of metal, these flow rates correspond to an Al:Fe atomic ratio in the input gas equal to
13:4.6, to be compared with the targeted 13:4 atomic ratio in the films. It was not possible to
further approach the latter atomic ratio in the input gas in the adopted configuration, due to
the significant difference in the saturated vapor pressures of the two precursors and to
subsequent technical constraints. H, (99.995% Air Products) is added in the input gas mixture
with the aim to reduce the O-containing species produced by the decomposition of Fe(CO)s
and thus decrease the potential contamination of the films and the oxidation of the Al layer.
The total flow rate is fixed at 325 sccm and is composed of 25 sccm of N, carrier gas
bubbling through DMEAA, 10 sccm of N, carrier gas bubbling through the Fe(CO)s, the rest
being N, dilution gas in the range 260-290 sccm and H, in the range 0-30 sccm. Finally, the
duration of all co-depositions is 30 min. The co-deposition conditions for the 8 experiments
are summarized in Table 1.

Table 6.1: Operating conditions for the co-deposition of Al with Fe.

#Experiment 1 (Al-Fe) 2 (Al-Fe) 3 (Al-Fe) 4 (Al-Fe) 5 (Al-Fe) 6 (Al-Fe)
Q,, (sccm) 290 285 275 270 265 260
Q, (sccm) 0 5 15 20 25 30
Coﬁgi‘figns T=200°C, Tuats=25°C, Tjines=25°C, Preactor=10 TOIT, Q, .. = 2/0.7 sccm, Duration = 30 min
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6.2.2. Surface morphology and elemental composition of the Al-Fe films

Figure 6.4a shows a surface SEM micrograph of an Al-Fe film obtained by co-
deposition at 200°C without H; gas (Table 6.1, Exp. #1). The morphology of the surface does
not present any changes when H; gas is added in the input gas mixture (Table 6.1, Exp. #2 to
#6). The film has a loose microstructure with open porosity and high roughness. It is
compared to SEM micrographs of unary Al (Figure 6.4b) and Fe (Figure 6.4c) films. Both Al
and Fe unary depositions result in porous films at this Ts. It appears that the co-deposited film
at this T, presents a similar morphology with the Fe, and no similarities with Al. The grains
are not faceted and show the acicular morphology of the sole Fe film (see Figure 5.5 in
Chapter 5).

o
Figure 6.4: (a) A SEM micrograph of an Al-Fe co-deposited film obtained at the conditions of Exp. #1 showing
a loose microstructure with porosity and roughness. (b) Al and (c) Fe obtained in the same conditions.

For the surface presented in Figure 6.4, EPMA measurements show that the film
consists of 61 % Al, 9 % Fe, 5 % C and 23 % O (at.%). The amount of Fe is low, and the
metal composition corresponds to an Al:Fe atomic ratio of 13:1.3 which is way off the
targeted AlysFe, phase composition. This result is unexpected, since from the Arrhenius plot
of Figure 6.1 one would expect to have more Fe in the film. However, we do not have an
insight in the interactions between the two precursors. Thus, we assume that the Fe(CO)s
molecule undergoes a high gas phase decomposition with the synergetic effect of the
DMEAA precursor and for this reason much less Fe attains the surface. The relatively low C-
content of the films is compatible with the clean decomposition of Fe(CO)s to provide Fe in a
unary CVD process. On the other hand, the elemental O contribution is high and can be
attributed to the oxophilic nature of Al which combines with the O coming from the gas
phase decomposition of Fe(CO)s and prevents the formation of intermetallics phases to the
benefit of oxides. Hence, the addition of H; in the input gas in Exp. #2-6 is tested, in order to
investigate its impact on the decrease of O content.
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Fig. 6.5 shows the mass gain rate along with the atomic elemental composition of the
films, determined by EPMA analysis, as a function of the H, flow rate. Other processing
conditions remain unchanged, as summarized in Table 6.1. As shown in Figure 6.5a, the mass
gain rate increases as the flow rate of H; increases, before reaching a plateau at 25 sccm. In
these conditions, the gain of the deposition rate corresponds to a twofold increase compared
with the one obtained without H,. Beside its potential function as a reducing agent of O
atoms, H, also operates as a factor which shifts the equilibrium of Eq. (4.3) so as the Al
deposition is unfavorable, in a similar way as in the case of the co-deposition of Al with Cu
(Prud’homme et al., 2013). Additionally, it seems that there is a simultaneous acceleration of
the Fe(CO)s decomposition and hence, the increase of the mass gain is attributed to the
increase of the Fe content.
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Figure 6.5: (a) Mass gain rate of the film and (b) Al:Fe ratio and heteroatoms composition (at%) as a function
of the flow rate of H, in the input gas mixture.

This fact is confirmed by the atomic Al:Fe atomic ratio in the films as shown in
Figure 6.5b, which presents marginal variations in the range 5 to 10. The Al:Fe composition
corresponds at the best to an atomic ratio of 13:2.5, which approaches, but still remains far
from the targeted AlisFes one. The increase of H, flow rate does but slightly impacts the
heteroatoms (C, O) content of the films. The carbon content remains in the range 4-6 at.%,
while the oxygen content is significantly higher, in the range 18-25 at.%, that is no reducing
effect of H, is observed. Yet, for a flow rate of H, equal or higher than 25 sccm it slightly
decreases to ca. 18 at.% but remains constant for higher H, flow rates. It is concluded that the
addition of H, in the input gas has an impact to the deposition of Al, since it favors the
reverse of Eq. (4.3) over the formation of Al. At the same time H, seems to affect also the
decomposition of the Fe(CO)s, yielding the deposition of more Fe and the twofold increase of
the mass gain rate; this impact is also illustrated by the Al:Fe ratio of the films which
decreases with increasing H, flow rate, but still remains far from the targeted value.
However, H, seems that it does not act as a reducing agent since it does not present a major
cleaning and/or reducing effect allowing obtain pure metallic films.
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Figure 6.6 presents the mass gain rate as well as the atomic elemental composition of
the films, determined by EPMA analysis, along the susceptor’s radius, for 25 sccm H, mass
flow rate in the input gas mixture (Exp. #5). As shown in Figure 6.6a, there is an important
variation of the mass gain rate along the susceptor, ranging from 34 pg/min at the center to 51
ug/min, which is the maximum rate, determined at the intermediate position. At the same
time, the Al:Fe ratio presents variations in the range 5 to 8 (Figure 6.6b). The best atomic
ratio of 13:2.5 is observed for the sample located at the edge of the susceptor, but remains far
from the targeted composition. This particular sample presents also the lowest at% of
heteroatoms contamination, that is, 18 % of O and 3.8% of C. Thus, the investigation of the
possibility to form the AlisFe, approximant phase by co-deposition is limited to the sample
placed at the edge of the susceptor in these particular operating conditions, with reserves yet
concerning the O content.
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Figure 6.6: Mass gain rate (a) and Al:Fe ratio and heteroatoms composition (at% - b) along the susceptor’s
radius, at 25 sccm H, flow rate.

6.2.3. Structural characteristics

Fig. 6.7 presents the XRD pattern of a film processed with 25 sccm H, flow rate (Exp.
#5) and located at the edge of the susceptor. All peaks of this diffractogram can be attributed
to either fcc Al or bcec Fe (JCPDS card no. 04-0787 and 87-0722, respectively). In particular,
no peaks are obtained at low 20 angles where complex intermetallic structures diffract
(Armbraster et al., 2012; Ellner, 1995; Grin et al., 1994; Haidara et al., 2012).

All the XRD patterns obtained for lower, and down to zero H; flow rates as well as
for the highest H, flow rate show the same peaks. Therefore, coatings obtained by co-
deposition are made of fcc Al + bcc Fe + oxides and C which do not diffract (amorphous or
nanocrystalline). No intermetallic phases are formed.

182



Chapter 6: MOCVD of Al with Fe: Formation of the Al3Fe, intermetallic structure

Intensity (a.u.)

N

| 1 1 L 1 n 1 " 1 L 1 1 | 1 J

0 20 40 60 80 100 120 140
20 (deg.)

Figure 6.7: XRD diagram of the films obtained by the co-deposition of Al and Fe corresponding to the
conditions of Exp. #5 (25 sccm H, flow rate) for a substrate located at the edge of the susceptor. The Al and Fe
patterns are shown at the bottom of the figure (JCPDS card no. 04-0787 and 87-0722, respectively).

The co-deposition process has inherent difficulties concerning mainly the interactions
of the two precursors in the reactor chamber. The main concern is the presence of O in the
Fe(CO)s molecule which leads to the contamination of the co-deposited films. For this reason
we have tested the impact of H, on the reduction of O heteroatoms during the co-deposition.
It seems that the major impact of H, is on the surface reaction of Al where the equilibrium
shifts to unfavorize the Al formation and on the acceleration of the decomposition of the
Fe(CO)s on the surface. Indeed, addition of H; in the input gas mixture results in a twofold
increase of the mass gain of the films with a simultaneous decrease of the Al:Fe ratio that is,
increased Fe content of the films. The same impact of H, has been reported in the co-
deposition of Al with Cu (Prud’homme et al., 2013), where the increase of Cu concentration
results in the formation of the y-Al,Cug approximant phase. In the present case, the addition
of H; has limited effect on the reduction of O contamination which benefits to the formation
of oxides over intermetallic phases. For this reason, the combination of these precursors is
abandoned for co-deposition. In order to bypass the interactions between the two precursors,
a sequential deposition process is applied where the two precursors are never in contact in the
reactor chamber.

6.3. Sequential deposition of Al/Fe layers

Sequential deposition is a two-step process involving the successive deposition of the
two metals, so as to eliminate any interactions caused by the simultaneous presence of the
two precursors in the reactor chamber. Annealing is often necessary after the sequential
deposition, since the thermal budget available during the deposition of the second element is
probably not enough, at such low Ts. Thus, additional energy is required to activate the
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reactive diffusion and to stabilize the targeted phases. Sequential deposition allows choosing
different operating conditions for the deposition of each element. That is, in the Arrhenius
plots presented in Figure 6.2 different deposition conditions can be applied for Al and Fe for
the a priori approach of the desired Al:Fe ratio.

The sequential deposition of the two metals is presented in two parts; first, the
deposition is performed on Si substrates and the elemental composition as well as structural
and microstructural characteristics are presented and discussed. Then, the deposition process
is performed on glass and SiO, substrates and the formation of the targeted AljsFe,
intermetallic phase is presented. The primary choice of Si as substrate lies in the fact that it
provides facility of analysis over glass and the SiO, substrates. For example, glass provokes
charging effects during SEM that are detrimental to the SEM imaging, while the O layer of
SiO, may re-deposit within the films during FIB cutting. It is important to note here, that no
silicides are formed in both unary depositions of Al and Fe and in co-deposition of the two
metals. However, in these processes no high temperature annealing was applied which might
enhance the formation of silicides. For this reason, glass or SiO; substrates are used when
thermal annealing is required. We first used glass substrates since they were available when
the sequential deposition process was set. Subsequently we have used thermal SiO, on Si
because it is easy to break and crush into powder for the subsequent catalytic tests.

6.3.1. Deposition on silicon substrates

Al/Fe sequential depositions are performed in the MOCVD reactor described in
Chapter 2. As for the case of co-deposition, 10 x 10 x 1 mm?® Si flat coupons are used as
substrates (cut from silicon wafers Si(100) Sil’tronix), upon their preparation according to the
protocol presented previously (see §2.1.2.). In each sequential deposition experiment, three
substrates are put at different radial positions on the susceptor presented in Figure 6.3 as in
the case of the co-deposition.

The MOCVD of Al is performed at Prector=10 Torr and Ts=180°C, while the
temperature of the lines and the walls of the reactor is maintained at 25°C. The flow rates
during MOCVD of Al are as described before (see 84.1.).

The deposition of the Fe layer Fe is performed by using the DLI system, because DLI
provides a better control of the precursor quantity in the input gas mixture as previously
described (see §2.1.1.5.). Hence, the flow rate conditions during the MOCVD of the Fe layer
correspond to 325 sccm of dilution N, which is injected with a frequency of 3 Hz. The
conditions set to the liquid injector, namely frequency of 1 Hz and 2 ms opening time of the
injector, yield a volumetric flow rate of the precursor equal to 0.02 mL/min (see §2.1.1.5.).
The pressure and the temperature are set to Preactor=10 Torr and Ts=140°C, respectively and
the temperature of the lines and the walls is kept at 25°C. The experimental conditions are
summarized in Table 6.2.
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Table 6.2: Operating conditions for the Al/Fe sequential deposition on Si substrates.

#Experiment 1 (Al/Fe) 2 (Al/Fe) 3 (Al/Fe)
No of layers 4 — Al/Fe/Al/Fe 3 — Al/Fe/Al 2 — AllFe
Duration (min) 30/20/30/20 60/20/60 60/20
con diggﬁidfor Al T=180°C, Tua1s=25°C, Tiines=25°C, Preactor=10 TOIT, Q. = 2 sccm Q, = 325 sccm
o ditﬁ;’;‘idfor co | T140°C, To=25°C, Turs=25°C, Prcr=10 TOIT, Q, = 0.02 mlfmin Q,, =325 scem

Three independent sequential depositions are performed by depositing different
number of layers during each one of them. Thus, the first experiment includes the deposition
of 4 layers (Al/Fe/Al/Fe), the second deposition consists of 3 layers (Al/Fe/Al) and the third
of 2 layers (Al/Fe). For all 3 experiments, the duration of Fe deposition is 20 min while for Al
layer it ranges from 30 min for the 1% experiment to 1 h for the 2" and the 3 experiments. In
all cases, the first layer to be deposited is the Al in order to avoid any potential formation of
interfacial Fe silicides. The reactive diffusion between Fe and Si may occur even at the low
deposition temperatures of the Fe layer (Novet and Jonshon, 1991; Walser and Bené, 1976),
although from the deposition of unary Fe films (Chapter 5) we do not observe any indication
in this direction.

6.3.1.1. Elemental composition

Films obtained by sequential deposition on Si substrates consist of Al, Fe, O and C.
The EPMA results are presented in Table 6.3. From these results it can be seen that when Fe
is the last deposited layer (Exp. #1 and #3) its concentration is too high, in the order of 90% —
95%.

Table 6.3: EPMA measurements for the Al/Fe sequential deposition on Si substrates.

#Experiment No of layers Al at% Fe at% 0O at% C at%
1 (Al/Fe) 4 — Al/Fe/Al/Fe 0 91 4.5 4.5
2 (Al/Fe) 3 - Al/Fe/Al 78 10 10 2
3 (Al/Fe) 2 — AllFe 0 95 2.5 25

Additionally, no Al detected in Exp. #1 and #3 because at a beam energy of 15 keV,
the focused electron beam only penetrates up to 1 um in Fe. The thickness of the Fe layers
deposited in these cases are estimated at 2 um from SEM cross sections (86.3.2.3), thus,
absorbing the majority of the signal. Nevertheless, the amount of atomic O is drastically
reduced compared to the case of co-deposition from 20% to less than 5%. This steep
reduction is due to the fact that during sequential deposition the two precursors never come in
contact in the reaction chamber. As a consequence, we avoid any interactions among them
and the deposition of each layer seems more likely to the decomposition schemes of each
precursor presented in Chapters 4 & 5. The concentration of atomic C is systematically low
and at the same levels as in the co-deposition process.

In the case where Al is the last deposited layer (Exp. #2), there is again limited
detection. The penetrating capability of EPMA is limited to a maximum of 2.5 um when Al is
concerned. In the present case, the thickness of the Al layer is estimated at 6 um. The Al
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thickness is much higher comparing to the films investigated in Chapter 4. This is attributed
to the fact that in this case the top Al layer is deposited on Fe which enhances the growth rate
(see discussion in the next session). Thus, we cannot rely on the estimated 13:1.7
hypothetical ratio provided by the elemental analysis, since the Fe layer is poorly detected.
On the other hand, we observe higher concentration of atomic O comparing to Exp. #1 and
Exp. #3 cases. It is recalled at this point that after the deposition of the Fe layer, N, flow is
used to carry out of the reactor chamber the leftovers of the Fe(CO)s decomposition. Then,
the N, stops and the chamber is evacuated by applying primary vacuum (see §2.1.2.). It
seems that the evacuation process is not that efficient to remove all of the Fe(CO)s by-
products. Consequently, the oxophilic Al is partially oxidized by O residues which have not
been evacuated from the reactor and the concentration of O in the film is shown to be higher.
Porosity of the film further accentuates the oxidation.

EPMA is not very well suited for the high thickness of our films. Thus, the elemental
composition down to the interface with the substrate cannot be defined properly. However, it
provides useful information for the elemental composition of the top layer of the sequentially
deposited films. That is, the O levels are in the range 5%-10%, lower comparing to the case
of the co-deposition. O contamination is even less when Fe is the last deposited layer (e.g.
Exp. #3) due to the absence of direct contact between Al and any O residues.

6.3.1.2. Structural characteristics

Fig. 6.8 presents the XRD pattern of a film processed in the conditions of Exp. #2
(Table 6.3). XRD patterns of Exp. #1 and #3 shows peaks at the same 26 angles as the
presented pattern. All peaks of the diffractogram can be attributed to either fcc Al or bcc Fe
(JCPDS card no. 04-0787 and 87-0722, respectively) and there is an indication of iron
silicides formation of the type FeSi (JCPDS card no. 38-1397). In particular, the large
intensity peak at 44° is in agreement with the corresponding peak of the FeSi pattern.
Moreover, the small peak at 27° can be attributed only to FeSi, as well as the shoulder of the
small peak at 70°. Despite the separation of Si and Fe by an Al layer, the diffusion of Fe
through Al and the reactivity between Si and Fe even at low temperatures results in the
formation of FeSi (Novet and Jonshon, 1991; Walser and Bené, 1976), as the first phase in
the Fe-Si system (Kolel-Veetil and Keller, 2010). This fact is illustrated in the next section,
where the microstructure of the films is presented. Still, no peaks are observed at low 26
angles where complex intermetallic structures diffract (Armbrister et al., 2012; Haidara et
al., 2012). We apply a thermal annealing process (see 86.3.2. & 86.3.3.), after the deposition
of the Fe (last) layer, to favor the formation of intermetallics over silicides.
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Figure 6.8: XRD spectrum of the films obtained by the sequential deposition of Al and Fe in the conditions
corresponding to Exp. #2.

6.3.1.3. Microstructural characterization

Figure 6.9 presents a SEM micrograph of a cross section made on an Al/Fe/Al sample
(Exp. #2), taken in secondary electron mode (Figure 6.9a) and in backscattered electron mode
(Figure 6.9b). The thickness of the Fe layer is estimated to be 2 um and the total thickness of
the film equals 11 pum. Differences are observed in the morphology of the layers; the middle
Fe layer is dense and uniform whereas the top and bottom Al layers are porous and rough.
Discrepancies are also observed between the bottom Al layer and the top Al layer. These
differences can be attributed to the different substrate, i.e., the bottom layer is deposited on
Si, while the top layer is deposited on Fe. In Jang et al. (1998), it is reported that the
MOCVD of Al from DMEAA results in films of different microstructure and thickness with
regard to the substrate material. In particular, the morphology of an Al film deposited on TiN
substrates is rougher than on Si substrates. This is attributed to the fast and homogeneous
nucleation on the TiN substrate which accelerates the uptake of the upward growth rate to the
expense of the coalescence rate of Al grains. This is assumed to result in an almost twofold
increase of the growth rate of Al films deposited on TiN substrates at Ts=190°C.

The same trend for the Al thickness is observed in our case, where Al layers are
deposited at Ts=180°C. More specifically, the first Al layer, deposited on Si, is estimated to
be 3 um, while the second Al layer, deposited on Fe, equals 6 um. It is recalled that both Al
layers are deposited in the exact same conditions, thus it is assumed that the nucleation on Fe
occurs instantaneously, rendering higher deposition rates comparing to the deposition of Al
on Si.
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Figure 6.9: SEM micrographs of a cross section of an Al/Fe/Al film of Exp. #2, taken in (a) secondary electron
mode and (b) backscattered electron mode.

Although the three deposited layers in Figure 6.9 are distinguishable from each other,
we need to see if Fe interdiffuses through the Al layer, at this low process temperature
(180°C) and without any thermal annealing. In Figure 6.10b we perform a qualitative EDX
elemental analysis for the sample corresponding to Exp. #2. We focus on the elemental
analysis close to the interface with the substrate as indicated by the red circle. Fe is present
although only Al is deposited on the Si surface.
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Figure 6.10: (a) A SEM micrograph of a film deposited in the conditions of Exp. #2 and (b) qualitative EDX
elemental analysis at the area indicated by the red circle.

Thus, it can be assumed that even at the low temperature of 180°C where the
deposition of the second Al layer proceeds, the Fe already starts interdiffusing through Al to
the substrate. This result can also explain the XRD pattern of the film (Figure 6.7), where
indications for the formation of the FeSi phase are shown.

It is deduced that coatings obtained by the sequential deposition of Al/Fe on Si
substrates in the applied operating conditions consist of fcc Al + bcc Fe + an Fe-Si phase,
eventually. No Al-Fe intermetallic phases are formed. Therefore, to prevent the formation of
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Fe silicides the sequential deposition on Si substrates is abandoned and alternative substrates
are used.

6.3.2. Deposition on glass substrates — The Al;3Fe, phase

In this section a series of sequential depositions of Al/Fe on 10 x 10 x 2 mm?® glass
substrates is presented. Glass is an amorphous solid, kinetically trapped in a non-equilibrium
state. It is a multicomponent system, based on SiO; but also containing oxides of many other
elements including B, Ca, Na, Mg, K, Fe, Al or S. The choice of the glass as a substrate in
order to avoid the formation of FeSi during the sequential deposition of Al/Fe lies in the
presence of SiO, on the surface of the substrate which acts as a barrier to prevent the
diffusion of ions from the substrate to the film deposited on it and vice versa. It is recalled at
this point that, glass substrates are used prior SiO, ones, due to their availability at the time
when these sequential depositions were performed. The substrates are prepared as designated
by the protocol (Chapter 2) and they are placed on the susceptor as described in the previous
sections.

Four independent sequential depositions are performed by depositing 2 layers, one of
each metal as in the Exp. #3 of the previous section. Aiming at decreasing the Fe content and
at the same time increasing the Al content in the film, we decrease the deposition temperature
of Fe to Ts=140°C while the deposition temperature of Al remains at 180°C. In addition, we
decrease the operating pressure to Prector=5 Torr for the Al layer and we increase it to
Preactor=40 Torr for the Fe layer. At these pressures, we have shown the Fe deposition rate
decreases (see Chapter 5) while the corresponding of Al is expected to increase by assuming
that the same trend holds for the DMEAA precursor. The total flow rate of the input gas
mixture as well as the flow rates of the two precursors remains the same as for the case
presented in the previous section, i.e., 325 sccm of N, gas and 2 sccm of DMEAA during the
MOCVD of the Al layer. For the MOCVD of the Fe layer, the 325 sccm of N, are injected
with a frequency of 3 Hz, while the 0.02 ml/min of the Fe(CO)s, precursor are injected with a
frequency and an opening time of 1 Hz and 2 ms, respectively. In all cases the walls of the
reactor and the lines are maintained at room temperature.

Figure 6.11 recalls Arrhenius plots of the MOCVD of Al and Fe deposited at
Preactor=10 Torr, with the addition of a crucial single point which is represented by the red
triangle and corresponds to the MOCVD of Fe With Pyesctor=40 Torr and Ts=180°C. We have
already shown in Chapter 5 (see Figure 5.4 and 5.13) that a fourfold increase of the process
pressure yields an eightfold decrease of the Fe deposition rate, from 58 nm/min to 7 nm/min.
At this pressure, the Fe deposition rate becomes lower than that of Al, making possible the
formation of the Al-rich phase.

Thus, by increasing the process pressure of Fe, its thickness can be controlled with
regard to the targeted 13:4 ratio. For the MOCVD of Al there are no similar experimental
results. However, we have shown computationally (see Figure 4.14 in 84.2.3.) that a decrease
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of the operating pressure results in the increase of the Al deposition rate, in the range 139°C —
215°C where the computational model predicts the experimental data with sufficient
accuracy. Thus, by following modeling results, we decrease the pressure for the deposition of

the Al layer to increase its deposition rate.
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Figure 6.11: The Arrhenius plots of Al (black squares) and Fe (green squares) deposited at 10 Torr and a single
measurement of a Fe film deposited at 40 Torr (red triangle).

After sequential deposition, an in situ thermal annealing is performed. We have seen
so far that, during the co-deposition and the sequential depositions on Si, oxides and silicides
are formed, respectively, instead of intermetallics. Thus, a process is required to enhance the
reactivity between Al and Fe and to favor the formation of intermetallic phases. Thermal
annealing which follows sequential deposition proven its efficiency in this perspective (Aloui
et al., 2012; Haidara et al., 2012; Teixeira et al., 1989). We choose annealing temperature
from the Al-Fe binary phase diagram (Figure 6.1) and from literature results (Haidara et al.,
2012). Thermal annealings are thus performed at Tannea=500°C and Tannea=575°C for 1 h. The
annealing process is performed in situ, in the reactor chamber in order to avoid exposing the
film to air which may lead to its O contamination. The Fe deposition time is 5 min in all cases
except for Exp. #1 (10 min). The Al deposition time is 60 min in all cases except for Exp. #4
(90 min). All the process conditions applied for the sequential deposition on glass substrates
are presented in Table 6.4.

Table 6.4: Operating conditions during the sequential deposition of Al/Fe on glass substrates.

#Experiment 1 (Al/Fe) 2 (Al/Fe) 3 (AllFe) 4 (Al/Fe)
Preactor (TOIT) 10/10 10/10 5/40 5/40
Duration (min) 60/10 60/5 60/5 90/5
Tanneal (°C) 500 500 575 575
Therma_l anneglmg 60 60 60 60
duration (min)

Fixed conditions for Al

T=180°C, Twans=25°C, Tines=25°C, Q

prec

=2scem Q,, =325 scem

Fixed conditions for Fe

Ts:14OOC, Twalls:250C, Tlines:250cx Q

prec

=0.02 ml/min Q,, =325 sccm
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The results following in the next sections are presented first for Exp. #1 and #2 and
then, for Exp. #3 and #4 in order present the effect of the pressure, time and annealing
conditions on the films.

6.3.2.1. Elemental composition

Since EPMA provides limited information within the depth of the films, the elemental
composition is defined indirectly through the thickness of each layer. To define this thickness
the following procedure is adopted. All the samples are weighted before and after deposition
and their mass gain is measured. The thickness of the Fe layer is defined by performing XRF
measurements and it is converted to mass by using the surface area of deposition and the
density of the solid Fe. Al is not detectable with XRF (Chapter 2 — 82.2.3.) and for this
reason, the mass of Fe is subtracted from the total mass gain of the film to provide the mass
corresponding to the Al layer. The latter is then converted to thickness with the use of the Al
density. Considering the microstructure of the Al-Fe films which reveals significant porosity
(see 86.3.2.3.), this assumption is very rough for thickness estimation. But, it is a useful tool
which provides a primary estimation for the elemental composition of the films that, unlike
thickness, relies on mass. Complementary techniques such as STEM/EDX and XPS analysis
are used for the determination of the chemical composition.

The atomic composition is estimated from mass gain measurements, with the
assumption that no heteroatoms are included in the layer. Figure 6.12 presents the calculated
Al:Fe ratios for Exp. #1 to #4, as a function of the operating pressure (Figure 6.12a) and the
process time (Figure 6.12b). That is, by increasing the pressure and reducing the duration if
the deposition of the Fe layer and at the same time by decreasing the pressure and increasing
the duration of the deposition of the Al layer the Al:Fe ratio is not only enhanced with regard
to the targeted one, but also approaches the 13:4, when the conditions of Exp. #4 are applied.

(a) . g i SIS Exp. #4 (b)

Exp. #4

Al:Fe ratio

Al:Fe ratio

Figure 6.12: The calculated atomic Al:Fe ratio as a function of (a) the operating pressure and (b) the time
duration applied for the deposition of each layer. Black circles are projections of the measurements on the YZ
plane (Al:Fe ratio axis). The dashed blue line corresponds to the Al;sFe, composition.
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For this particular sample (Exp. #4), a GD-OES analysis is performed and presented
in Figure 6.13 which gives the qualitative elemental composition profiles through the film
thickness. Although not quantitative the GD-OES analysis provides some useful information.
The continuity of the Al and Fe profiles through the film thickness reveal that they have
intermixed during the in situ annealing. However, such intermixing does not result in
homogeneous composition along the thickness. A chemical composition gradient along the
depth is observed. The Fe concentration monotonously increases from the surface of the film
to the interface with the substrate, despite the fact that it is deposited on the external part of
the bilayer, on the surface of the Al film. Consequently, the Al:Fe ratio decreases from the
area close to the surface and as the substrate is approached (Figure 6.13a).
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Figure 6.13: Qualitative depth profiles obtained by GD-OES analysis of the film of Exp. #4, (a) through the
whole depth of the film and (b) closer to the surface level (t<40 s).

This observation is in agreement with results reported in the literature (Kajihara,
2006; Naoi and Kajihara, 2007), where it has been shown that in the range 550°C-640°C the
formation of stable intermetallic phases in the binary Al-Fe system occurs at the interface.
The decrease of the Al:Fe ratio through the film is further confirmed from the TEM and
STEM/EDX analyses presented in section 6.3.2.3. Furthermore, the O and C contamination
remains low within the film. Indeed, by zooming in at the surface level (Figure 6.13b —t < 40
s), it can be observed that O and C heteroatoms cause a superficial contamination. The
absence of O through the thickness of the film is discussed in the following XPS results.

XPS is now used for the characterization of the surface of the sample Exp. #4 and for
the quantitative composition at the surface level. A 100 nm top layer is etched in order to
recover a fresh metallic surface. Due to the fact that the vacuum in our XPS chamber is
relatively high (10 mbar), a continuous oxidation of the surface is observed, in the form of
alumina. For this reason atomic O is excluded from the elemental composition of the Al-Fe
film. The Al:Fe ratio equals 13:4.3, i.e., very close to the desired 13:4 ratio. Figure 6.14
shows the Fe 2p and the Al 2p XPS spectra of this surface. The Fe 2p spectra (Figure 6.14a)
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reveals only one peak attributed to an Al-Fe alloy with a small chemical shift (0.22 eV) with
regard to the Fe 2p peak of the reference Fe sheet. This difference is characteristic of the
altered electronic structure in intermetallic compounds with transition metals and has also
been observed in the Pd-Ga system (Konvir et al., 2009).

(a) Fe 2p (b) —— Al-Fe film of Exp. #4
| — Al reference
— /
= —— Al-Fe film of Exp. #4 / —_
p —— Fe reference =
S— (4]
Z z
c w
o) c
= 2
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Figure 6.14: The XPS spectra of the Al-Fe film of Exp. #4. (a) Fe 2p XPS spectra in comparison with a Fe
reference. (b) Al 2p XPS spectra in comparison with an Al reference.

The contribution at 72.2 eV in the Al 2p spectra (Figure 6.15b) corresponds to
metallic Al, while the second signal at ca. 74.6-75.6 eV corresponds to oxidized Al. The
oxide contribution decreases with increasing depth before it stabilizes at the level of Figure
6.14b. This confirms the superficial O contamination observed in GD-OES (Figure 6.13) and
reveals the formation of a surface Al oxide which cannot be avoided completely because of
the important open porosity of the films exposing extended surface areas to ambient air and
the relatively high pressure in the XPS chamber. These results are in good agreement with the
same XPS characterizations performed on the surface of a bulk AlisFe; sample (Armbrister
et al., 2012), where the Fe 2p core-level spectra has fine differences such as small shift,
decreased half-width and reduced asymmetry, from the elemental iron and the Al 2p spectra
has an Al contribution at 72.5 eV and an Al,O3 contribution at 75.5 eV. Overall, it is assumed
that the surface is composed of a thin alumina layer formed by the preferential segregation of
Al to the surface, but limited enough to prevent the dissolution of the Al-Fe alloy underneath.

6.3.2.2. Structural characteristics

Figure 6.15 presents the XRD pattern of the film obtained in Exp. #1. All peaks of
this diffractogram can be attributed to either fcc Al (JCPDS card no. 04-0787) or bcc Fe
(JCPDS card no. 87-0722) and no peaks are obtained at low 28 angles where complex
intermetallic structures diffract. Thus, the applied conditions for Exp. #1 and #2, including 1
h of thermal annealing at 500°C, are not the proper for the formation of intermetallic Al-Fe
alloys. A similar pattern is obtained for the film of Exp. #2.
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Figure 6.15: XRD spectrum of the films obtained in the conditions of Exp. #1 and #2.

Figure 6.16 shows the XRD pattern of the film obtained in Exp. #3. It is recalled at
this point that between Exp. #2 and #3 the operating pressure during the deposition of Al and
Fe layers changes as well as the annealing temperature. This figure is the first evidence for
the existence of intermetallic phases.
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Figure 6.16: XRD spectrum of the film obtained at Exp. #3. The JCPDS of the intermetallic phases AlFe and
AlsFe; as well as of the crystalline Al and Fe are also depicted.

In particular, the AlFe (JCPDS card no. 33-0020) and the AlsFe, (JCPDS card no. 29-0043)
intermetallic phases are observed. The peaks at the low angles 18°, 23°, 28° and 39° are
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attributed to the AlsFe, phase, as well as the two large peaks at 43° and 44°. There are also
some smaller peaks at 47°, 61° and 63° which correspond also to the same phase. On the
other hand, the peaks at 31°, 81°, 97° and 114° match well the pattern of the AlFe
intermetallic phase. The remaining peaks which do not match any of the two intermetallic
patterns, are attributed to unreacted fcc Al (peaks at 65°, 78° and 116°, JCPDS card no. 04-
0787) and bcc Fe (peaks at 65°, 83°, 100° and 117°, JCPDS card no. 87-0722). The AlFe
phase is located mostly in the Fe-rich part of the Al-Fe phase diagram. To the contrary, the
AlsFe; phase is located at the Al-rich part of the Al-Fe phase diagram but still before the
AlisFe, phase (Figure 6.1). We can deduce that the amount of Fe is above the targeted
AljsFe, phase composition. Thus, the time duration of the deposition of the Al layer is
increased (Exp. #4) to increase the Al content in the final film.

Figure 6.17 presents the XRD pattern of the Al-Fe film obtained at the conditions of
Exp. #4. The spectrum is compared with the Al;sFe; XRD pattern reported in Ellner (1995)
and Grin et al. (1994). The comparison of the pattern is not performed with the JCPDS cards
of the AlysFe, phase (no. 29-0042 and 65-1257), since the latter show peaks up to 60°, only.
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Figure 6.17: XRD spectrum of an Al-Fe intermetallic film of Exp. #4 (top) compared with the Al3Fe, pattern
(bottom) calculated in Ellner (1995) and Grin et al. (1994).

A good match between the XRD spectrum and the two literature patterns is observed
confirming the formation of the AljsFe4 intermetallic structure. In particular, peaks at low 26
angles, ca. 20°-30° as well as the large peaks between 40°-50° and some smaller peaks at
higher 20 angles are characteristics of the existence of the approximant monoclinic m-
Alj3Fes. However, in the presented XRD pattern, there are a few peaks that do not match the
Al3Fe, diffractogram of the literature and reveal that other phases co-exist. Specifically, the
peak at 38°-39° can be attributed to the AlsFe, phase and to pure Al (JCPDS card no. 29-
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0043 and 04-0787, respectively) and the peak at 50° to the AlsFe, phase. The intensity of the
peak at around 45° implies that within the film there exists unreacted Fe (JCPDS card no. 87-
0722). The peak at 82° matches very well the fcc Al and the bcc Fe crystalline structures
whereas the two last peaks at ca. 112° and 117° correspond to fcc Al. The AlFes, which is the
most stable Fe aluminide, is not observed in the XRD pattern (JCPDS card no. 06-0695).
From this analysis, it can be deduced that apart from the presence of the secondary AlsFe;
approximant phase, there is an excess of unreacted Al in the film. The latter conclusion is in
agreement with the phase equilibria in the Al-Fe binary system, indicating that pure fcc Al is
in equilibrium with the Al;sFes phase (Black, 1955; Massalski, 1990). It also reveals that
annealing time (60 min) is not long enough to homogenize the composition within the film
(see also the discussion of the TEM results).

Consecutively, SEM and STEM/EDX are used to monitor the composition
uniformity, to further confirm the formation of m-AlisFe, and to identify secondary phases,
and finally to get a better insight into the film microstructure.

6.3.2.3. Microstructural characterization

Figure 6.18 presents a SEM micrograph of a cross section of the Al-Fe film #4,
prepared by FIB. It is recalled that the Pt layer is deposited on top of the film in order to
avoid the oxidation of the film during the FIB cutting. Observation at low magnification
(Figure 6.18a) shows a 15 um thick film with significant surface roughness and porosity. A
higher magnification of a region in the center of the film pointed by the red circle (Figure
6.18b) and an elemental mapping of this region (Figures 6.18c and d) reveals intermixing of
the two elements as. The elemental mapping shows also detection of O and especially around
the pores. The O may re-deposit from the glass substrate during the cross-section.

glass substrate

Figure 6.18: (a) A FIB-SEM cross section showing a 15 um thick Al-Fe film. (b) A higher magnification shows
that Al (c) and Fe (d) are intermixed as it can be confirmed from the elemental mapping at this point. (e)
Oxygen is also detected within the film.
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A TEM lamella is prepared by FIB (Figure 6.19a) from the cross section of the
previous figure (sample Exp. #4). A 1.2 um thick layer is etched from the two sides of the
lamella, due to its high initial thickness that renders it inappropriate for TEM. The etching
process increases the porosity and finally, a fragile lamella is created with a thickness of 85
nm in the z direction. In the SEM micrograph of the lamella (Figure 6.19a), no pure Al
regions are observed, meaning that alloying is effective across the whole coating. However, a
composition gradient still exists: the Fe concentration is higher at the interface and decreases
up to the surface. For instance, it is observed in Figure 6.19b that more than 50 vol. % of the
bottom part of the lamella is composed of Fe-rich grains (e.g. Al(25)Fe(75) or Al(15)Fe(85)
measured by STEM/EDX). In the upward direction (to the right in Figure 6.19a), the fraction
of Fe-rich grains decreases until the top 2-3 um-thick layer where the composition is
homogeneous.

Figure 6.19: (a) Lamella of the sample Exp. #4 prepared by FIB. STEM-EDX mapping of (b) the bottom (red)
square and of (c) the top (yellow) square. (d) A higher resolution STEM-EDX map within the black square in c.

Figure 6.19c shows the mapping of the chemical composition in the top region.
Except for some Fe-rich inclusions at the bottom (left of the image), we observe a
homogeneous Al(75)Fe(25) matrix, corresponding to the m-AljsFe, composition. A higher
resolution map corresponding to the black square is shown in Figure 6.19d. A few 20-40 nm
wide Al(53)Fe(47) inclusions (bright green contrast) are found. At the edges of the matrix,
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and surrounding pores, a slightly higher Al content than in the matrix is found
(Al(79)Fe(21)). This Al enrichment is correlated with the presence of O. Al preferential
oxidation is common in Al-transition metal alloys, and this is in good agreement with the
formation of Al oxide at free surfaces that is confirmed in XPS measurements (Figure 6.14).
It cannot be assessed, though, if this oxidation occurs during the film formation or ex situ
during the lamella preparation/transfer (from Toulouse, France to Julich, Germany).

It is further observed that Fe diffuses towards the interface with glass, readily at its
MOCVD deposition temperature (140°C). When temperature is increased for in situ
annealing (575°C), it is assumed that Al-Fe phases first form in the vicinity of the interface.
This is corroborated by the STEM/EDX observations made on the lamella, where Fe-rich
grains concentrate in the vicinity of the interface. Since the microstructure exhibits a high
concentration of defects - in the form of grain boundaries and porosity - Fe diffusion may be
facilitated.

The sequential deposition of Al/Fe on glass substrates, in the operating conditions of
Exp. #4 including an in situ annealing at 575°C for 1 h, yield the formation of the AljsFe,
intermetallic phase. The sequential deposition is repeated in the conditions where the AljsFey
film is obtained, for its deposition on thermally oxidized Si wafers, hereafter named SiO, for
convenience.

6.3.3. Deposition on SiO; substrates

A series of 6 sequential depositions is performed on SiO,, substrates for the
production of AljsFe,4 of total mass 185 mg to be used for the catalytic tests, as demanded by
the catalytic institute of IRCELYON. Three silicon wafers, with a radius of 5 cm, are treated
under O, atmosphere at 1100°C for 50 min and under Ar atmosphere for 10 min. This
treatment provides the SiO, substrates with an O, layer of 100£10 nm thickness. The wafers
are then cut into 40 x 40 mm? and 10 x 10 mm? squares to be used as substrates for the
sequential deposition. Prior deposition experiments the substrates are prepared according to
the protocol (Chapter 2). In each experiment, a large and a smaller substrate are used and they
are placed on the susceptor, at its center and its edge, respectively. The bigger sample to be
deposited is used for the catalytic tests, whereas the smaller one is used for the various
analyses of the obtained films. The operating conditions applied in this case are the same as
for the deposition on glass substrates and they are described in detail in the previous section.

6.3.3.1. Elemental composition

The definition of the elemental composition is performed in the same way as
described in 86.3.2.1. with the exploitation of the thickness and the mass of each deposited
layer. In this way and by applying the conditions of Exp. #4, the elemental composition of Al
and Fe within the obtained films varies slightly in the range 74-77 at% and 23-26 at%,
respectively. The reproducibility of the results shows that the sequential deposition process
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for the development for the Al;3Fes approximant phase as set in the framework of this thesis
IS a robust process.

The heteroatoms contained in the film are qualitatively estimated through EDX
analysis providing the elemental mapping on a cross section created by FIB on the film at a
random point and they are presented in Figure 6.20. As shown in Figure 6.20, C
contamination of the film seems to be very low. From the O and Si images we distinguish the
Si0O, substrate containing the Si and the oxide layer on top of it. O and Si are detected within
the film. In particular, it seems that these two elements exist in appreciable levels and
especially, within the pores of the film. However, it is believed that this trend is observed due
to the re-deposition of O and Si during the FIB cross section and thus, their detection is not a
matter of concern. The Al and the Fe are completely intermixed since the Fe layer which is
deposited on top of the film is detected through the whole depth of the film. The only region
that Fe is not traced is within the large pores. At these regions only the oxophilic Al exists
and this fact explains the apparent high concentration of O at the same regions. The higher
concentration of Fe at the interface with the SiO, substrate has been already observed in the
case of the glass substrate and it is presented also in a next section where high resolution
TEM/EDX analysis is performed.
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Figure 6.20: EDX qualitative analysis for the elemental mapping along a cross section of an Al-Fe film
deposited on a SiO, substrate in the conditions of Exp. #4 (Table 6.4).

6.3.3.2. Structural characteristics

Figure 6.21 is the XRD spectrum of films deposited on SiO, substrates. As for the
case of glass substrates, the obtained spectrum is compared with the AlizFe, XRD pattern
reported in Ellner (1995) and Grin et al. (1994). A good agreement between the two patterns
is observed further confirming the formation of the Al;sFe, intermetallic structure and thus,
validating the reproducibility of the process.
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Figure 6.21: XRD spectrum of an Al-Fe intermetallic film deposited on a SiO, substrate in the conditions of
Exp. #4 (Table 6.4) (top) with the Al sFe, pattern (bottom) calculated in Ellner (1995) and Grin et al., (1994).

As in the case of glass substrates, there exist remaining discrepancies which are
attributed to the potential formation of secondary Al-Fe phases. The peaks at low 26 angles,
ca. 20°-30° as well as the large peaks between 40°-50° and some smaller peaks at higher 260
angles are characteristics of the existence of the approximant AlizFe,. The large peak at 39° is
attributed to the AlsFe, phase and to pure Al (JCPDS card no. 29-0043 and 04-0787,
respectively). The intensity of the peak at around 45° implies that within the film there exists
unreacted Fe (JCPDS card no. 87-0722). The peak at 82° matches very well the fcc Al and
the bcc Fe crystalline structures whereas the two last peaks at ca. 112° and 117° correspond
to fcc Al. Thus, it can be deduced that during the sequential deposition of Al and Fe on SiO2
substrates the formed AlisFe, approximant phase coexists with the secondary AlsFe;
approximant phase and an excess of unreacted Al.

For the definition of the film thickness and porosity SEM observations are performed.
Further investigation of the composition uniformity, the microstructure of the film and the
crystallographic structures is performed by high resolution TEM analysis.

6.3.3.3. Microstructural characterization

Figure 6.22 presents the SEM cross section prepared by FIB, at a random position of
the substrate. Figure 6.22a shows a 14 to 17 um Al-Fe film with significant porosity across its
depth and high surface roughness. The higher magnification image (6.22b) focuses on a pore
where the different grey scales reveal the formation of various phases. In particular, an
Al3Fe, phase is formed which is in equilibrium with pure fcc Al indicated by darker grey
tone, in the area around the pore. Inside the pore, a higher O amount is detected, as
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mentioned also in Figure 6.20, which leads to the formation of Al oxide indicated by the
brighter grey scale.

Al-Fe film{ 17 pm

oxidized Al Al-Fe Al

Si0, substrate
30 um

Figure 6.22: (a) A FIB-SEM cross section showing a 14 to 17 pm thick Al-Fe film deposited on a SiO,
substrate in the conditions of Exp. #4 (Table 6.4), in which various phases exist as indicated by the different
scales in (b).

Al-Fe films deposited on SiO, substrates have similarities with the corresponding
films deposited on glass substrates. The thickness of the film is in the range of 15-17 um and
the porosity in both cases is high, leaving open pores within the films. Oxidation during FIB
cutting may enhance Al segregation in these regions.

Figure 6.23 shows the TEM analysis of an Al-Fe coating, deposited on SiO,. The
bottom half of the coating is fully intermixed whereas the top half presents alternating pure
Al and Al-Fe stripes which are perpendicular to the substrate (Figure 6.23a). Therefore, this
region is partially alloyed; a result that could not be caught with the macroscopic techniques
for elemental composition as GD-OES or by the performed calculation of the at% Al and Fe.
A closer look at the interface between an Al-Fe and an Al stripe (white circle in Fig. 6.23a) is
illustrated in Figure 6.23b. We observe an Al-Fe grain that grew laterally into the Al region,
in the form of a 180 nm-thick rectangle. A high-resolution TEM image of this crystal is
shown in Fig. 6.23c. A fast Fourier transformation (Fig. 6.23d) of the atomically resolved
image is performed in order to determine crystallographic parameters. The indexation of the
spots and the zone axis confirm the formation of the monoclinic m-AlisFe, phase (the
analogous m-AljsFe, phase of Villars and Calvert (1998) is used) with the following
parameters a=15.49A, b=8.08A, c¢=12.48A, p=107.75°, which are in very good agreement
with the corresponding parameters reported in previous works (Ellner, 1994; Grin et al.,
1995).
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Figure 6.23: (a) TEM cross section of an Al-Fe film deposited on a SiO, substrate in the conditions of Exp. #4
(Table 6.4). (b) Zoom in the white circle: AlysFe, crystallite. (¢) High-resolution TEM image showing the
atomic plane arrangement in Al-Fe nanocrystal of (b). (d) Indexed fast Fourier transform of image (c)
confirming the formation of m-Al3Fe, along [001] zone axis.

From all the presented results, we can deduce that Fe diffuses towards the interface
with SiO, or glass, readily at its deposition temperature (140°C). When temperature is
increased for in situ annealing, the Al-Fe phases first form in the vicinity of the interface, and
this is why the lamella obtained from the SiO; substrate (Fig. 6.24) exhibits pure Al stripes on
top of an Al-Fe layer. Since the microstructure exhibits a high concentration of defects - in
the form of grain boundaries and porosity - Fe diffusion may be facilitated.

The differences between the glass and SiO, lamellas microstructure and composition
do not originate from temperature differences (the surface temperature has been calibrated on
glass and on oxidized Si as described in §2.1.1.2.). A likely explanation is that two very
localized regions of large and numerous samples are observed, and that these two cases are
two possible microstructures obtained in these conditions. Therefore, globally, it shows that
annealing time (60 min) is not long enough to homogenize the composition of all the
coatings, but that forming a pure m-AlyzFe, surface layer is feasible. In Mengucci et al.
(2003), 4 h of annealing were required for the complete formation of the FeAl B2 phase and
further annealing only increases the structural order of this phase. In Naoi and Kajihara
(2007), the system of Al/Fe/Al layers was annealed for 9 h for the homogeneous formation of
the AlsFe, intermetallic compound.
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6.3.3.4. Catalytic tests of the semi-hydrogenation of acetylene with Al;3Fe,
films formed by MOCVD

For the complete of the research of the AlizFe, approximant phase formed by the
applied MOCVD framework, the catalytic properties of this structure are tested at
IRCELYON (82.2.10) and the results are presented in this section. Figure 6.24a shows the
activity and the selectivity of the AlysFe, film. The results correspond to conditions of the
first setup (82.2.10), i.e.,, CyHy:H»:He=2:10:88 at 50ml/min and 200°C, and without
pretreatment of the film. The catalyst shows from the beginning a weak activity of 8% and a
high selectivity of 80%. There is no evidence for the formation of ethane or C, compounds,
since only ethylene is formed. The selectivity remains unchanged with increasing time but
the catalytic activity decreases to less than 2% after 15 hours on stream. For the restoration of
the catalytic activity of Al;sFey, a reductive treatment is conducted under H; at 200°C for 4 h
and under O, at 200°C for 30 min and tests are performed with C,H,:H,:He=2:10:88 and
C,H3:H2:He=0.5:5:94.5, respectively, at 50ml/min and 200°C. The results are presented in
Figure 6.24b. It can be seen that the activity of the catalyst remains very low, since only 1%
is restored. Concerning the H, treatment, the selectivity remains at the same level (80%)
while it significantly decreases to ca. 60% after the O, treatment.
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Figure 6.24: Conversion (blue lines) and selectivity (orange lines) of the semi-hydrogenation of acetylene using
the AlysFe, films (a) without pretreatment and (b) with H, (solid lines) and O, (dashed lines) treatment.

The most possible explanation for the low activity of the AlizFes films is their
extended oxidation which enhances the formation of Al,O3 and prevents the catalytic activity.
It is recalled that a pre-existed Al,O3 surface layer is already observed during the formation
of the films. Extended oxidation might be caused during the transfer of the films (from
Toulouse to Lyon), during their long residence in a glovebox before the catalytic tests (1
month) and even during the catalytic experiments. More catalytic experiments are required
along with improvement of the films, prior to provide conclusive results for the catalytic
activity of the supported AlisFe4 approximant phase formed during CVD.
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Summary-Conclusions

The MOCVD process is applied for the deposition of Al-Fe films containing complex
intermetallics, with the aim to form the approximant phase m-AlisFes. Two deposition
pathways are followed: one based on the co-deposition of the two metals, the other on their
sequential deposition. In the former, potential interactions between the precursors of the two
elements may be inhibiting factors for high deposition rate and purity, and for the formation
of the intermetallic phase. This potential drawback is raised in the latter, where process
conditions are established to avoid interaction between the two precursors.

The one-step, co-deposition process is performed at Ts=200°C, which lies in the
vicinity of the reaction-limited regime of the Fe(CO)s precursor and at the early stage of the
diffusion-limited regime for the DMEAA precursor. As we show from the computational
analysis presented in previous chapters, homogeneous reactions for both precursors occur
even at low temperatures, although at lower reaction rates. By choosing to perform
depositions at this Ts, we intend to limit the effect of the gas phase reactions and the gas
phase interactions between the two precursors. At the same time, at T:=200°C the
microstructure of Al presents benefits such as low roughness and high surface density and its
deposition rate reaches a maximum value, which is preferable for the targeted AlisFe4 phase,
since it is located at the Al-rich part of the Al-Fe binary phase diagram. On the other hand, Fe
deposition at this Ts presents some disadvantages, such as an acicular structure with open
porosity. Thus, by choosing to operate at 200°C, it seems that we benefit more the Al
deposition.

The co-deposition process results in the formation of Al-rich films with low Fe
amounts, corresponding to a hypothetically 13:1.3 ratio, which is off the targeted 13:4 one.
Moreover, these films suffer from high O contamination sourcing from the Fe(CO)s
precursor. This contamination prevents the formation of intermetallic phases to the benefit of
oxides. The addition of H, in the input gas does not result in the decrease of the O
contamination. However, it has an important impact on the shifting of the equilibrium of the
surface reaction of Al to the benefit of AlH; formation and on the Fe deposition Kinetics.
Thus, the content of Al in the film is reduced and the increase of the growth rate of the film,
from 25 pg/min to 50 pg/min, is attributed to the increase of the Fe content in the film. This
fact allows the improvement of the Al:Fe to a best 13:2.5 ratio which is although insufficient,
with regard to the targeted 13:4 ratio.

Co-deposited films consist of fcc Al, bcc Fe and possibly of amorphous oxides. No
intermetallic phases are detected therein. The large amount of oxygen does not allow space
for further investigation of the formation of complex intermetallic phases by e.g. appropriate
post-deposition annealing.

A first series of sequential depositions is performed on Si substrates by depositing an
Al layer first and a subsequent Fe layer. The process temperature of the Fe layer is reduced
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along with its deposition duration and at the same time the duration for the processing of the
Al layer increases while the process temperature is slightly decreases. Operating conditions,
namely Ts=180°C and 60 min for the Al layer and Ts=140°C and 20 min for the Fe layer are
screened with the aim to deposit Al and Fe layers of such thicknesses so as to be close to the
13:4 ratio. The concentration of Fe in the final film is too high with regard to the targeted
ratio, however the heteroatoms content is as low as ca. 5%. The films are composed of fcc Al,
bcc Fe and Fe silicide with no Al-Fe intermetallic phases. Even at a Fe process temperature
as low as 140°C, Fe diffuses through the pre-deposited Al layer towards the interface with the
substrate, enhancing the potential formation of Fe silicides.

A second series of sequential deposition experiments is performed on glass substrates
in order to prevent the formation of Fe silicides. In this series the process pressure during Fe
deposition is increased at Preactor=40 Torr and the deposition time is decreased in order to
reduce the Fe content in the film. At the same time, the operating pressure of the deposition
of Al layers is decreased at Prector=5 Torr and the duration of the process is increased for the
increase of the Al content in the film. These actions are screened in order to achieve the
elemental composition which corresponds to the 13:4 ratio. After the sequential deposition on
glass, a post-deposition thermal annealing is applied to activate the reactive diffusion of Al
and Fe and to form intermetallic phases. The annealing is performed at Tannea=575°C, where
it has been shown that the formation of the AlisFes phase occurs. The duration of the
annealing process is 1 h and the process is performed in situ, in the reactor chamber to protect
the films from oxidation.

The elemental composition of the films obtained by the deposition on glass substrates
is determined indirectly through the mass gain of the coating and the thickness of each
deposited layer. It is shown that by varying the process pressure and the deposition duration
the 13:4 ratio can be approached. Qualitative GD-OES analysis which is performed on the
film with a 13:4.3 ratio reveals that there is a chemical composition gradient through the
depth of the film. The Fe concentration increases from the free surface of the film to the
interface with the substrate and the Al:Fe ratio follows the opposite trend. The contamination
of the coating from heteroatoms is superficial, since O and C are detected only at the surface.
The Fe 2p XPS spectra presents a small chemical shift with regard to the Fe 2p peak of the
reference Fe sheet, which is attributed to the formation of an Al-Fe intermetallic. On the other
hand, the Al 2p spectra reveals two peaks, one corresponding to metallic Al and a second
corresponding to oxidized Al. By combining the GD-OES and XPS analysis, it is concluded
that the surface of the film is composed of a thin alumina layer limited enough to prevent the
dissolution of the intermetallic phase underneath.

Observations of a cross section of this film reveal that it suffers from high porosity
and that more than one crystalline phases co-exist. Indeed, the structural analysis shows that
the AlysFe, approximant phase co-exists with the secondary AlsFe, phase and an excess of
unreacted, fcc Al. However, STEM-EDX analysis of a lamella cut within the film reveals
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complete alloying across the film with a composition gradient normal to the surface. The Fe
concentration is lower close to the surface and it increase when the substrate is approached.
Thus, the bottom part of the sample is composed of Fe-rich grains, e.g. Al(25)Fe(75),
whereas at the middle of the film a homogeneous Al(75)Fe(25) matrix is observed, which
corresponds to the m-Al;3Fe, composition. Higher resolution analysis of the upper part of the
film illustrates Al enrichment which is correlated with the presence of O and the preferential
Al oxidation.

A final series of Al/Fe sequential deposition is performed on thermally oxidized Si
substrates. The choice of this particular substrate lies in the fact that it provides the same
barrier properties as glass but it is also easy to crush into powder which is required for the
catalytic tests. The optimum conditions of sequential deposition are applied for the MOCVD
on SiO; substrates. The map of the elemental composition along a cross section of the
obtained films shows complete intermixing of the two metals. Furthermore, within the pores
of the coating higher concentration of Al is detected. C concentration is low within the film,
while O is detected through the whole depth. The important level of O detection is due to its
etching from the Si surface during the FIB cutting and the re-deposition within the film and
especially in the pores where it is attracted by the Al preferential oxidation. The obtained
films contain the intermetallic AlisFe, phase, as indicated by their crystallographic XRD
pattern. TEM and high resolution analysis reveal that the Al-Fe coating presents two distinct
regions, i.e., the bottom half where the two metals are fully intermixed and the top half where
alternating pure Al and Al-Fe stripes are observed. Post process fast Fourier transformation of
an atomically resolved image provides the parameters a=15.49A, b=8.08A, c=12.48A,
B=107.75°, which correspond to the formation of the monoclinic, m-Al;sFe, phase. The
differences in the microstructure of the glass and the SiO, coated samples are due to the
random choice of the film area from which the lamella is taken. Thus, in order to avoid
differences of this kind, an increase of the annealing time will enhance the homogenization of
the composition for the whole film.

Catalytic experiments of the semi-hydrogenation of acetylene are performed at
IRCELYON, by using crushed AlysFe4 films as catalysts. The activity of the films is limited
since in all cases it provides low conversions. On the other hand, its selectivity is of the order
of 80% and it reduces to 60% when the films are treated under O,. The low performance of
the AlysFey films produced by CVD is attributed to their oxidation which favors the formation
of Al,O3 over the catalytic activity. More catalytic experiments are required as well as
improvement of the films so as to limit the formation of Al,O3 during the CVD processing of
the Al;3Fe, phase and to homogenize its formation across the film.
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The computational and experimental analyses of the CVD of unary films, namely Al
and Fe, have central stage in this thesis. Besides their own worth, they serve the final target of
the thesis that is, the formation of multifunctional intermetallic compounds, the case in point
being the Al;3Fe, approximant phase. Both unary and intermetallic compounds are formed in
thin films grown on the surface of various substrates in CVD reactors.

The main advantages of CVD are the high surface-to-volume ratio of the resulting
material and the conformal coverage of complex surfaces. Furthermore, by operating at
relatively low to moderate temperatures, CVD can meet strict processing constraints.
Complex physical and chemical phenomena are involved in CVD: simultaneous transport
phenomena and homogeneous and heterogeneous chemical reactions, in gas phase and on
solid surfaces, respectively; they condition the characteristics of the films and subsequently
their functional properties. The thorough investigation of the associated mechanisms — from
the reactor inlet to the rough film surface — require modeling, computations and experiments
at different scales, namely from the macroscopic scale of the bulk of the reactor down to the
nanoscopic scale of the film roughness. In the developed multiscale framework, the
macroscale modeling is based on the conservation of mass, momentum and energy, and gives
way to large computational fluid dynamics (CFD) problems. The nanoscale modeling treats
stochastic physical and chemical events at the surface of the film with the kinetic Monte
Carlo (kMC) method. The kMC method is coarse-grained since, for the sake of
computational cost-effectiveness, it simulates events on a simple cubic lattice instead of the
one dictated by the crystallographic structure of Al and Fe. The computational linking of the
two scales is implemented by feeding the nanoscale with needed information, namely species
mass flux, computed in the macroscale. Such a multiscale analysis framework enables
theoretical predictions of the effects of the reactor operating conditions, such as pressure,
temperature and inlet flow rate, on the structure of the deposited film and the evolution of its
surface roughness. In this thesis, theoretical and experimental analyses are carried out
inseparably: the former is triggered, fed and validated by the latter whereas the former’s
predictions illuminate and advance the latter’s findings. The ultimate purpose served by the
combined multiscale and experimental analysis is the determination of advantageous
operating “windows” and the control and optimization of the CVD processes of concern.

Before the application of a combined co-deposition or sequential deposition of Al-Fe
process, the unary Al and Fe CVD processes should be investigated for determining common
operating conditions which will allow the formation of the targeted intermetallic phase. The
experimental and theoretical investigation of the unary depositions provides useful
information concerning potential gas phase and surface interactions during the common
process and preferable temperature and pressure conditions.

A vertical, stainless steel MOCVD reactor is designed to process unary and binary Al
and Fe coatings from their corresponding precursors; it has been successfully tested for
ensuring the possibility to grow metallic and intermetallic films. Ad hoc characterizations are
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implemented for the determination of the composition, the structure and the microstructure of
the films.

For the CVD of Al, DMEAA is chosen as precursor. The choice is dictated by its
relatively high vapor pressure at room temperature and by the possibility to perform
depositions at low to moderate temperatures. The CVD of Al from DMEAA is
experimentally and computationally investigated with the aim to relate the evolution of both
the deposition rate and the microstructure of the films with the deposition temperature in the
investigated temperature range 139°C — 241°C on one side, and with the electrical resistivity
of the films, on the other side.

Deposition of Al results in pure films without any heteroatoms contamination.
Increase of the deposition temperature yields increased film density, decreased surface
roughness and increased film uniformity with improved substrate surface coverage. The
incubation time is high (ca. 310 s) at the lowest deposition temperature and it linearly
decreases to 48 s at the highest temperature. This behavior of the initiation of the deposition
process may be attributed to the variation of the sticking coefficient of the precursor on the
substrate and to accelerated desorption of the adsorbents at higher temperatures.

The Arrhenius plot of the process shows that the reaction-limited regime is located in
the range 139°C — 185°C, where the deposition rate increases with increasing temperature. In
the diffusion-limited regime and between 185°C — 227°C the deposition rate reaches a
maximum value of ca. 15.5 nm/min at 185°C and then remains relatively constant, with a
slight decrease to ca. 13.5 nm/min at the last temperature. Above 227°C, a steep reduction of
the Al deposition rate is observed. The model applied for the macroscopic simulation of the
CVD of Al includes a simplified chemical scheme with a gas phase and a surface
decomposition of the precursor. First-order Arrhenius Kinetics is implemented for these
reactions based on the experimental data. Two different mass inflow rates of the precursor are
used for the simulation of the process. The upper limit value, which is dictated by the
experimental procedure and corresponds to the thermodynamic equilibrium in the bubbler
and infinite conductance of the gas lines, and a lower value provided by the realistic
assumptions that the gas — liquid interactions in DMEAA bubbler are not fully efficient; in
fact, part of the precursor is degraded in the lines before entering the reactor, and the
conductance of the gas lines is finite.

The computational predictions are in satisfactory agreement with experimental
measurements, mostly in the range 139°C — 227°C. The decrease of the precursor mass inflow
rate improves the prediction of the deposition rates obtained at the reaction-limited regime,
despite the fact that at this temperature range the surface reaction dominates the process.
Nevertheless, the gas phase reaction consumes an important quantity of the precursor even at
low temperatures. Indeed, the dependence of the gas phase reaction rate on the temperature is
presented and it is illustrated that even at 100°C the volumetric reaction is on. Thus, given
that the temperature increases as the substrate is approached, the gas phase reaction rate
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becomes important in the reaction-limited regime, the quantity of the precursor on the surface
reduces and the deposition rate decreases, in accordance with experiments.

On the other hand, above 227°C the model fails to predict the experimental deposition
rate probably due to the high gas phase degradation rate of the precursor molecule. The
global chemical reactions and the first-order Arrhenius kinetics implemented in the
macroscopic model cannot incorporate additional effects such as the formation of
intermediate species and, consequently, the model does not capture the abrupt decrease of the
deposition rate at high temperatures. Investigation is under way for the development of a
more accurate model which will be valid in the entire temperature range. This investigation is
performed by applying a more detailed chemistry pathway and by performing microscopic
simulations on complex surfaces for the local calculation of the deposition rate. However, the
presented macroscopic framework is valid in the temperature range 139°C — 227°C, where
co-deposition requirements with Fe can be met.

The macroscopic model feeds the nanoscale kMC algorithm with the mass fraction of
the precursor at the surface in order to enable multiscale simulations of the Al surface. The
chemical information for any reactions of the precursor such as its decomposition on the
surface, are incorporated in the sticking coefficient. For the latter, a temperature dependent
function is employed by fitting experimental deposition rates at various temperatures and at
various positions of the substrates in the CVD reactor.

The obtained results from the multiscale model are compared with the corresponding
experimental measurements of Al films. The RMS roughness decreases with increasing the
process temperature from 0.6 pm at 139°C to 0.15 um at 198°C. The calculated RMS values
lie within the deviations of experimental measurements resulting in a very good agreement
between the experiments and the predictions. However, above 210°C the experimental RMS
shows a plateau which is not captured by the multiscale framework. The latter presents a
monotonous decrease of the roughness with increasing temperature. Within the entire
temperature range, adsorption dominates the process, while desorption and migration events
are limited. Temperatures increase results in the increase of migration, which despite the
predominance of the adsorption has a significant impact on the RMS. This effect is due to the
fact that as temperature increases above 210°C, migration may no longer be negligible and
the assumption of the zero Ehrlich-Schwoebel (ES) barrier for migration at step edges
becomes controversial. Incorporating a non-zero ES barrier in the multiscale simulations,
migration would lead to a possible aggregation at step edges with a successive increase of the
RMS, rather than to a smoothening of the surface which is observed by the presented results
of multiscale modeling.

The electrical resistivity of the films increases with increasing surface roughness from
10 pQ.cm at RMS 0.15 pum to ca. 80 pQ.cm at RMS 0.6 pm, mainly due to the increased
scattering caused by rough surfaces and to higher grain boundaries density which results from
the entrapment of electrons. The behavior of the electrical resistivity is quantitatively
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reproduced when the computational predictions of the RMS of the films are considered for its
estimation.

The development of a multiscale framework which will account for the exact
crystallographic structure of Al and for chemical reactions at the surface level is under way.
These modifications may enable the simulation of more complex processes and surface
features, such as island formation, grain boundaries and height-height correlations. Regarding
the calculation of the porosity evolution within the film, the solid-on-solid (SOS)
approximation should be replaced by triangular lattice models which, in contrast to SOS
models, can accommodate the formation of vacancies.

For the CVD of Fe, the Fe(CO)s is chosen as precursor. This choice is dictated by its
high vapor pressure at room temperature and by the possibility to perform relatively pure Fe
depositions in the same temperature range with Al. The computational and experimental
investigation of the CVD of Fe concerns the relation of the deposition rate with temperature
in the range 130°C — 250°C and pressure in the range 10 — 40 Torr, and the relation of the
film roughness with the deposition temperature.

Deposition from Fe(CO)s results in bcc Fe films containing possibly the secondary
FesC phase, observed mostly at higher temperatures. The films contain low O and C
heteroatoms at the level of 5% and 1.5%, respectively. The morphology of the films depends
on the process temperature. Increase of the deposition temperature above a certain limit
results in the modification of the surface morphology from sharply-faceted to acicular. It also
results in films with higher uniformity and better surface coverage. The surface roughness
can be directly correlated with the change of the morphology. In particular, at low
temperatures where sharply-faceted grains are formed, the roughness is high and relatively
stable with a slight decrease with increasing temperature. On the other hand, when the
morphology changes to acicular a sharp decrease of the roughness is observed prior its
stabilization.

The incubation time is high (ca. 1800 s) at the lowest deposition temperature, it
decreases to 100-150 s in the range 140°C — 160°C and then it further decreases and stabilizes
at less than 50 s, for higher temperatures. This behavior of the initiation of the deposition may
be attributed to the different sticking coefficient of the precursor on the substrate and to
accelerated desorption of the adsorbents at higher temperatures. By investigating the effect of
the deposition duration on the deposition rate, we observe that for duration lower than 60 min
the deposition rate increases and then remains unchanged.

The Arrhenius plot of the process shows a reaction-limited regime between 130°C —
200°C where the deposition rate increases with increasing temperature. Above 200°C, the
process is diffusion-limited. In the diffusion-limited regime, Fe deposition rate has a
maximum value of ca. 60 nm/min at 200°C. Beyond this temperature, the deposition rate of
Fe abruptly decreases, which is attributed to the high gas phase decomposition rates of the
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species contributing to the Fe deposition and to inhibition of the surface from the CO ligand
which is produced by the gas phase decomposition reactions.

The macroscopic computational model for this process incorporates 7 gas phase and 3
surface reactions. The gas phase reactions describe decarbonylation steps of the Fe(CO)s
precursor and recombination reactions of the intermediate species Fe(CO)y, x=2,3,4, with
CO. For the gas phase reactions Arrhenius kinetics are implemented with an order dictated by
the stoichiometry of the reactions. The surface reactions express the contribution of Fe(CO)s,
Fe(CO); and FeCO on the Fe deposition. For the surface reactions, Langmuir-Hinshelwood
type expressions are used to describe the poisoning of the surface from CO.

Macroscopic simulations with this model accurately predict the behavior of the
deposition rate in the examined temperature range. The model confirms that the steep
reduction of the deposition rate at high temperatures is due (a) to the increased gas phase
decomposition rate of Fe(CO)s and Fe(CO); which results in reduced concentration of these
species at the susceptor and (b) to the increased CO concentration which inhibits the surface.
The computational analysis shows that gas phase reactions occur also in the reaction-limited
regime, but with lower rates. Concerning the dependence of the deposition rate on the
operating pressure, the combined experimental and computational investigation shows that as
pressure increases the gas phase decomposition rates increase and the diffusion coefficients
of Fe(CO)s and Fe(CO); decrease. As a result the concentration of these species at the
susceptor decreases and consequently the deposition rate decreases. The model predicts with
less accuracy the experimental data along the susceptor. A more precise surface chemistry
model might capture this trend by taking into account the adsorbed states of the precursor and
intermediates at specific surface sites.

The mass fraction of Fe(CO)s and Fe(CO); at the vicinity of the surface are calculated
by the macroscopic model and they are used as an input to the kMC model for the
performance of multiscale simulations. Again, any chemical information which describes
potential interactions of Fe(CO)s and Fe(CO); with the surface is incorporated in the sticking
coefficient.

The multiscale framework predicts RMS roughness which is in good agreement with
the corresponding experimental data. In the range 190°C — 200°C, the predictions are less
accurate due to the fact that the change of the surface microstructure, which is experimentally
observed, cannot be captured by the applied multiscale model. At higher temperatures,
predictions follow the experimental trend and RMS reaches a plateau, due to small variations
of migration events.

The multiscale framework for the surface simulation of Fe growth could be improved
in order to account for the exact crystallographic structure of Fe and for chemical reactions at
the surface level. The improved framework may enable the multiscale simulation of more
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complex processes and surface features, such as 3D growth, island formation and variations
of the microstructure.

The detailed investigation of the unary Al and Fe CVD leads to the application of a
CVD method for the processing of Al-Fe films containing complex intermetallics, with the
aim to form the approximant phase m-AlizFes. The first path to this direction is a co-
deposition process, which involves the simultaneous deposition of the two metals with
potential interactions between the two precursors. An alternative is the sequential deposition
where the precursors are not intermixed, at least at the gas phase. This process is applied in
order to cope with difficulties during co-deposition due to the interactions between the two
precursors.

Co-deposition experiments are performed at 200°C. Regarding the depositions of Al
and Fe, this temperature is located at the early stage of the diffusion-limited regime for Al
and in the vicinity of the reaction-limited regime for Fe. The study of the unary CVD
processes shows that, homogeneous reactions for both precursors occur even at low
temperatures. By choosing to perform depositions at this temperature, we intend to limit the
effect of the gas phase interactions between the two precursors which most likely occur at
higher temperatures. At the same time, at 200°C the microstructure of Al exhibits low
roughness and high surface density and its deposition rate reaches a maximum value, which
is preferable for the targeted Al-rich, AlisFe, phase. On the other hand, Fe deposition
presents some disadvantages, such as an acicular structure with open porosity. Thus, it seems
that operating at 200°C facilitates Al deposition.

Co-deposition results in the formation of Al-rich films with low Fe amounts, and the
elemental composition corresponds to a hypothetical 13:1.3 ratio, which is off the targeted
13:4 one. Moreover, these films suffer from high O contamination coming from the Fe(CO)s
precursor. This contamination prevents the formation of intermetallic phases in favor of
oxides. The addition of H, in the input gas has a limited impact on the O concentration.
However, it significantly shifts the equilibrium of the surface reaction of Al in favor of AlH3
formation and also of the Fe deposition Kkinetics, possibly due to the formation of
hydrocarbons which removes the CO from the surface. Thus, the content of Al in the film is
reduced and the increase of the growth rate of the film, from 25 pg/min to 50 ug/min, is
attributed to the increase of the Fe content in the film. This fact allows the improvement of
the Al:Fe to a best 13:2.5 ratio, which is still insufficient with regard to the targeted 13:4 one.

Co-deposited films consist of fcc Al, bcc Fe and possibly of amorphous oxides. No
intermetallic phases are detected therein. The large amount of oxygen leaves no space for
further investigation of the formation of complex intermetallic phases, e.g. by appropriate
post-deposition annealing. However, the co-deposition process at lower temperatures along
with thermal annealing should be examined as a possibility to form intermetallic Al-Fe
phases. Modeling can support such an investigation. Macroscopic simulations can be
performed by incorporating the chemical systems of both precursors and additional
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interactions between them, such as the formation of aluminum oxides. Theoretical predictions
will include the elemental composition of the films. Then, gas phase reactions will be turned
off while surface reactions will be allowed to occur and the surface temperature within the
model will be raised so as the model to adapt to the annealing conditions.

Sequential deposition experiments are performed on Si substrates by first depositing
an Al layer and then a Fe layer. Compared to co-deposition experiments, the processing
temperature of the Fe layer is reduced to T,=140°C with a simultaneous decrease of the
deposition duration to 20 min. On the other hand, the processing temperature of the Al layer
is also reduced but to a limited extend, to T,=180°C, and its deposition duration is increased
to 60 min. The particular operating conditions are so chosen to yield Al and Fe layers whose
composition is close to the 13:4 ratio. The concentration of Fe in the final film is too high
with regard to the targeted ratio, however the heteroatoms content is as low as ca. 5%. The
films are composed of fcc Al, bce Fe and Fe silicide with no Al-Fe intermetallic phases. Even
at a Fe process temperature as low as 140°C, Fe diffuses through the pre-deposited Al layer
towards the interface with the substrate, favoring the potential formation of Fe silicides.

A second series of sequential deposition experiments is performed on glass substrates
in order to prevent the formation of Fe silicides. In this series the processing pressure during
Fe deposition is increased at Preactor=40 Torr and the deposition time further decreases to 10
min in order to reduce the Fe content in the film. At the same time, the operating pressure of
the deposition of Al layers is decreased at Prector=5 Torr and the duration of the process is
increased to 90 min for the increase of the Al content in the film. The aim of these actions is
the achievement of an elemental composition corresponding to the targeted 13:4 ratio. After
the sequential deposition on glass, a post-deposition thermal annealing is applied to activate
the reactive diffusion of Al and Fe and to form intermetallic phases. The annealing is
performed at Tannea=575°C, Where it has been shown that the formation of the Al;sFe, phase
occurs. The duration of the annealing process is 1 h and the process is performed in situ, in
the reactor chamber to protect the films from oxidation.

The overall elemental composition of the films approaches the targeted 13:4 ratio.
Qualitative GD-OES analysis which is performed on the film with a 13:4.3 ratio reveals that
there is a chemical composition gradient through the depth of the film. The Fe concentration
increases from the surface of the film to the interface with the substrate resulting in an
opposite trend for the Al:Fe ratio. The contamination of the coating is limited, since O and C
are detected only at the surface. The Fe 2p XPS spectra presents a small chemical shift with
regard to the Fe 2p peak of the reference Fe sheet, which is attributed to the formation of an
Al-Fe intermetallic. On the other hand, the Al 2p spectra reveals two peaks, one
corresponding to metallic Al and a second corresponding to oxidized Al. By combining the
GD-OES and XPS analysis, it is concluded that the surface of the film is composed of a thin
alumina layer small enough to prevent the dissolution of the intermetallic phase underneath.
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Al-Fe films formed by sequential deposition are characterized by high porosity and
consist of more than one crystalline phases. The structural analysis shows that the Al;sFe,
approximant phase co-exists with the secondary AlsFe, phase and an excess of unreacted, fcc
Al. However, STEM-EDX analysis of a lamella cut within the film reveals complete
transverse alloying with a composition gradient normal to the surface. The Fe concentration
is lower close to the surface and it increases as the substrate is approached. Thus, the bottom
part of the sample is composed of Fe-rich grains, e.g. Al(25)Fe(75), whereas in the middle of
the film a homogeneous AIl(75)Fe(25) matrix is observed, which corresponds to the m-
AljsFe, composition. Higher resolution analysis of the upper part of the film illustrates Al
enrichment which is related with the presence of O and the preferential Al oxidation.

A final series of Al/Fe sequential deposition is performed on thermally oxidized Si
substrates. The particular substrates provide the same barrier properties as glass and they are
easy to break and crush into powder for the subsequent catalytic experiments. The operating
conditions applied are those used for the formation of the m-AlisFes. The films present
complete intermixing of the two metals. C concentration is low within the film, while O is
detected through the whole depth. The O contamination comes from the SiO, surface during
the FIB cutting and its re-deposition within the film. The films contain the intermetallic
Ali3Fe, phase, as indicated by their crystallographic pattern. High resolution analysis of the
films reveal that the Al-Fe coating has two distinct regions, namely the bottom half where the
two metals are fully intermixed and the top half where alternating pure Al and Al-Fe stripes
are observed. The interatomic parameters determined by this analysis correspond to the
formation of the monoclinic, m-AlysFe, phase. The differences in the microstructure between
the films formed on glass and on SiO; are due to the random choice of the film area from
which the lamella is taken. Differences of this kind can be alleviated by increasing annealing
time, which may improve the homogenization of the film. A better insight in the
microstructure of these films and a better control of the porosity can be provided by
multiscale simulations which will incorporate the exact crystallographic structure of Al and
Fe along with chemical interactions at the surface level.

Catalytic experiments of the semi-hydrogenation of acetylene are performed at
IRCELYON, by using crushed Al;sFe, films as catalysts. Preliminary measurements indicate
that the activity of the films is limited; in all cases, it provides low conversions of acetylene
to ethylene. Its selectivity is relatively high at 80% and it reduces to 60% when the films are
treated under O,. The oxidation of the films and the formation of Al,O3 might be the main
cause for the low performance of the Al;sFe, phase which is produced by the CVD process.
The determination of the catalytic properties of the films was performed at the end of the
present thesis. A detailed, combined investigation between materials characteristics and
catalytic performance is necessary to make progress towards increasing its catalytic activity
of its durability.
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