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Abstract

The constant shrinking of microelectronic devices requires the production of
conformal and uniform nanometric thin films, with a high chemical purity and abrupt
interfaces. In this context, Atomic Layer Deposition (ALD) has emerged as a favorable
process to produce such films. Drawing its advantages from the self-limiting nature of
the surface reactions involved, ALD can yield thickness control down to the monolayer,

producing conformal films of high purity.

Although ALD has many advantages, drawbacks arise when depositing films of
some nanometers. In particular, the initial island growth and the formation of an
interfacial oxide layer are two of its main limitations, especially for the case of metal
oxide ALD on Si. Moreover, the deposition on large area wafers is not always uniform,
and depends on the reactor and process design. These drawbacks need to be suppressed
in order to establish ALD as the adequate process for the deposition of high-k gate

oxides on Si, essential for the production of field effect transistors of the future.

In this thesis, the ALD of Al;O3 from TMA and H20 on Si is thoroughly
investigated, in order to tackle the above drawbacks. The investigation consists of a
combined multiscale computational and experimental approach. Four different
numerical models were developed dealing with different space scales. A complete set
of characterization techniques was used, including ellipsometry, XRR, TEM, STEM,
EDX, XPS and SIMS. Using this framework, the detailed phenomena involved are
illuminated, thus allowing to better understand the process and identify the factors

responsible for the drawbacks of ALD.



The competition between surface mechanisms, namely desorption and surface
reactions, was found to be the limiting factor for deposition at low temperatures, up to
200°C. The concentration of surface reactive sites was found to limit the deposition at
higher temperatures up to 300°C. Although ALD is conceived as a process depending
only on surface chemistry, the analysis of the transport phenomena inside the ALD
chamber showed that the reactor and process design can affect the reactant and
temperature distribution inside the ALD reactor. The multiscale approach and the
coupling among the different computational models revealed that the interplay between
surface mechanisms and transport phenomena affects the film uniformity. Using this
computational approach, it was possible to derive optimal process conditions that

ensure maximum film uniformity.

During the first deposition steps, the film deposition was found to be inhibited,
leading to an island growth regime. The integrated analysis showed that 25 cycles are
needed in order to deposit a continuous Al2O3z film. During this regime, interfacial
oxidation of the Si substrate led to the formation of a ~2 nm interfacial oxide layer,
consisting of SiOx, AlOx, and Al-silicates, which degrades the properties and thus the

potential applications of the deposited structure.

An in situ N>-NHz plasma pretreatment of the HF-cleaned Si substrate was
introduced, leading to a formation of a SixNyH layer on the substrate surface. The
pretreatment was found to enhance the surface reactivity, as the inhibition period was
restricted and linear ALD growth was obtained even after 5 cycles. Furthermore,
interfacial Si oxidation was reduced, as the SixNyH layer was found to serve as an

effective barrier for O diffusion and Si oxidation.



The work presented in this thesis demonstrates the necessity of such integrated
approaches to analyze the detailed phenomena involved in ALD. Such studies help in
the thorough understanding of the ALD mechanisms, and consequently in elaborating
solutions which restrict the drawbacks arising during the initial deposition steps. This
could pave the way for the ALD process to industrially produce uniform and conformal
nanometric thin films of high purity and abrupt interfaces, able to answer to the

demands of the future electronic industry.



Exteviig eAAnviki) Tepiinyn

H epgvvntikn epyacio mov mapovctdletonr oty mapovca daTpiPr] apopd TV
EVOEAEYN LEAETT TOV QUIVOUEV®V KO UINYOVIGULAOV TOL EUTAEKOVTOL KOTA TN SLAPKELN
™ Andbeong Atopkod Xtpopoatog (Atomic Layer Deposition, ALD) o&eidiov tov
arovpviov (Al203) méve o mupitio (Si). H avdivon mpayuatomoteiton pe tn ypron
€VOC GLVOVAGIEVOL VTOAOYIOTIKOD Kot mepopatikod mAaiciov. To miaicto avtd
amoteAeital omd QLOIKE KOU YNUIKA HOVIEAD G€ TOAAATAES YOPWKEG KAILOKEC,
KaOI0TOVTOG O VTOAOYIOTIKY] TPOGEYYIOT] TOAAATADV KAUAK®V, €VO Yo TNV
TEWPAPATIKN dlepedivnomn ypnoonoteiton £vag avtidpactipag ALD kot o minfopa
TEYVIKOV YopaxkTnpiopod. Me avtd 10 mAaiclo, Ol EMUEPOVG UNYOVICUOL KOt 1|
eMidpaoT| TOVG GE JAPOPES TTLYES TNG Otepyaciog ALD kot towv 1810t TV TOV LUEVIOV
LEAETAOVTOL, 0O YDOVTOS £TGL GTNV €15 PABOC KaTovONnom Kot Tov EAEYY0 NG dlepyasiog

ALD.

H ovveyng ovppikveon tov UIKPONAEKTPOVIKOV GLGKELAOV OAAGL KOt
YEVIKOTEPO 1] OVAYKT) VOVOLETPIKMOV AETTMOV VUEVIOV G€ OAES TIG TEYVOAOYIEC-KAELH
€xel @ONOCEL TPOg TNV AVAYKN Y10 TOPAY®YN TETOIWV VUEVIOV e VYNAG EAeyy0 NG
o0GTOONG, TOV TAYOLS Kot TG opotopopiag toug (George, 2010)(Kingon et al.,2000).
210 mhaicto avtd, 1 ALD €yxet avadeybei mg n BéATIOT depyacia yio TV Topoywyn
toug. H ALD egivar kvkhkn| dtepyacia, vrokatnyopio e Xnuikng Amodbeong amod
Atpd, mov Paociletor otn dwdoyikn €kBeon evOg VIOCTPAOUOTOS 68 cLVNO®G 60
avtpdvta A kot B, pe o omoia avtdpd HEG® anTo-mePlopllopeEVOV avTIOPAGE®V.

Kd0e kokhog ALD anotereiton amd técoepa otddia (Puurunen et al. 2005):



1. 'Exfeon Tov VTOGTPOUATOG GTO 0EPLO AVTIOPMOV A, LLE TO OTTOI0 OVTIOPA HECH
AL TOTEPLOPILOUEVOV AVTIOPACEWDY

2. KaBapiopdg tou aviidpactipa Yo TV amo@uyn cuvimapéng Kot avtiopaong
TOV GLOTATIKOV A Kot B oty aépra pdon

3. "Exfeom 1ov vmootpdpatog 6to aépto avidpmv B, pe to omolo avtidpd pécm
AL TOTEPLOPILOUEVOV OVTIOPACEWDY

4. KaBapiopog Tov aviidpactipa Yo TNV amo@uyn cuvimapéng Kot avtidpaong

TOV GLOTATIKOV A Kot B otv aépia pdon

KobBng o1 avtidpaoelg eivar avtomeptoptlOUeVeS, ot erovalapPovopevot KOKAOL
odnyovv og o otabepn andbeomn avd koxio (Growth per Cycle, GPC), opilovtag pia
YPOUUIKT GYECN HETOED TOV amoTIfEREVOL ThoLg Kol Twv KukAwv ALD, yvoot) mg
ypoppkn kataotacn ALD. Avidovrtog ta mAeovektpatd TG omd TNV oLTO-
TePLOPILOUEVT] QUON TAOV ETIPOUVEINKADV OVTIOPACEDV OV EUTAEKOVTOL KOTA TN
depyaocia, N ALD umopel Oeopnrikd va mapdyst vpévia pe EAeyyo 1OV ThYOVS TOV
vueviov o kdmoto A. O gEopetikdc ELeyY0g TAV® GTN GVGTOGT KOl TNV OLOLOHOPia
oV vueviov kévovv v ALD éva onuoavtikd epyoareio yoo v mopayoyn VUEVIOV
o&ediov petdAlov mhvo og Si (Johnson et al., 2014), mov ypNcoTOOHVTUL MG VUEVIA,
vynine dmiektpikng otabepdg (high k gate oxides) otn onuepwvn teyxvoloyia

tpaviiotop petdArov-oediov-nuaymyod (MOSFETS).

Av kot ta mAeovektipata g ALD givar vepéyovv katd moAd amd avtd dA oV
teyvikov arobeonc (Johnson et al., 2014), tapovcsialoviol OpPIGUEVO LELOVEKTNLOTOL
Y TV omd0eon AenTOTOTOV LUEVIOV PEPIKOV Vovopétpmv. H andBeon ota apyucd
otadw g ALD emmpedletor amd 1 @UON TOL LTOGTPMOUATOS, OV 00MYel GE
TOAOTAOKN apyIKN) Hope1| avamtuéng onmg avamtuén oe vnoideg (Puurunen et al.,
2004), mov étot amartel Evov eddyioto apBpd tov kokhov ALD yuo va mapaybei Eva
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ouveyég VEVIo. Extdc amd v pn 1davikn amdfeon katd toug Tpdtoug KokAovg ALD,
po  dtempdveln  oynuotiCetor  peETaEy  TOL  AMOTIOEPEVOL  LUEVIOL  KOL  TOL
VTOGTPMOUOTOC, 1 ool emmppedlel T GVOTOOT Kot £TG1 TIG TOAVES EQPAPUOYES TOV

amotiféuevov vueviov (Forst et al., 2004).

H ALD og peydieg xiipokeg emiong mopovotalel okOU avoplLoTnTe Yo
Bounyovikés epapuoyés. T va emtevybel opoldpopen amdbeon oe peYOAES
EMUPAVELEG, OL GLYKEVIPADGELS TOV AVTIOPDOVIWOV CLUGTATIKAOV TPEMEL VAL £fvail OLOYEVEIS
KOTE UKOG TG EMPAVELLS OOV TOV VTTOGTPMUOTOC. Ot Tapdyovteg avtol emnpedlovv
TOV amattovUEVO YpOVO EkBeong (exposure time) tov avtidpdvimy Kot Kabapiopov Tov
avtwdpoaotmpa (purge time) oe ALD, kobiotdvrag ) dadikacio damavnpn (Munoz-
Rojasetal., 2019), anattdviog €161 fEATIOTONOINGN TOL GYESAGLOD TOV AVTIOPUCTHPO

KoL NG olepyaciag.

Ta mapondve amaitodv ce PABo¢ kKatavomon TV UNYOVICUOV KOl TOV
QowvopéVeVY TTov gpmAékovtat otr depyacioc ALD. Agdopévov 6Tt avtd Tor povopeva
Aoppdvouv yopa o O10Qopeg YWPIKES Kol YPOVIKEG KAILOKES, T AEmTOUEPYS

nePapatikn peAén g oepyaciog ALD elvar 60GKOAN.

H ALD tov Al203 téve og Si amd tpi-pebvr-adovpivio (TMA) kat vepo (H20)
eMALYETOL G M Olepyasion mpog Olepehivnomn, O0EOOUEVOL OTL OVTITPOCMTEVEL 0L
nepintoon ALD o&ewiov petdAdiov mhve oe Si. Av kol givor puo amd TIC o
ueketnuéveg depyaociec ALD kot Bewpeiton o «ideatn diepyasion (George, 2010),
TOPOVCIALEL TO TAPUTAVE® HELOVEKTAATO, KOl Ol UNYOVIGUOL TOL EUTAEKOVTOL OEV

Exovv axoun peretnBel ko katavonBei Aemtopepag.

H avéivon g depyaciog amotereitan omd Lo GLVOLOGUEVT] VTTOAOYIGTIKT] KOl

TEPOLOTIKN TPOGEYYION, LE GKOTO VO OMOKAADYEL TOVG UNYOVIGLOVS TTOL AdpBdvouy



YOPA OTO €0MTEPIKO TOV avtidpactipo ALD. Avti n mpocéyylon emrpémnel v
AemTopepn KATAvONoTn TOV SoPOp®V UNYOVIGU®Y TOL GCLUUPBAAAOVY GTNV aVATTLEN
TV vueviov ALD, odnyovtog €161 oty gopeon pebddmv yo vo Eemepactovy Ta
LELOVEKTNLOTA. TTOV TPOKVTTOVV OO TNV OPYIKY] ETLPAVELD TOL VITOCTPMOUATOC, TNV
JlEMPAVELOKT] 0EEIO®GN TOL Si KOt TNV GAANAETIOPACT] TOV QUIVOUEVOV LETAPOPAS

KO ETLPAVELNKDV UNYOVIGUAOV Y10 0md0eo 08 PEYAAES EMPAVELES.

H and6eon ALD mpaypatomodnke oe évav eumopikod avtdpactipa Veeco®
Fiji F200 ALD, og vrootpopota Si (100) pe dibpetpo 200 mm. Ta mepdpoto
deENyncav ypnoyorotdvag o tAnfmpa cuvInkov depyaciag, yio va dtepeuvn et
N enidpaon tov mapoustpov Asttovpyiog oty evamdbeon Al2Osz. To amotiféueva
VUEVIOL LEAETNOMKOV YPNOIUOTOIDVTOS £VOL TATPEG GUVOAO TEYVIKMOV YOPOKTNPIGHOV,
ovuneprrappovopévav tov: EAlenyopetpio, XRR, TEM, STEM, EDX, XPS «km
SIMS. Avtoi ot yapoktnpiopoi £dwoov TANPOEOpieg GYETIKA HE TO TAYOC, TNV

HOp@QOAOYiQ, TN OOUN, TN YMUKT GVOT Kot T1 GVGTACT] T®V DUEVIOV.

H vmoloywotiky  diepgvvnon ¢ depyaciog  mpoypoTonoOnke
YPNOULOTOIDVTAG TECCEPO  OLPOPETIKO VTOAOYIOTIKA HOVTEAD TOL  HEAETOVV
OPOPETIKEG YOPIKEG KAIOKES, KAOIGTOVTIOG TNV MO TPOGEYYION TOALUTADV
KMpakov. Abvo poviélo vroroylotikng pevotounyoviknig (CFD) avamtiocovton yio,
tov avtwpactipa ALD kot 1o oot tpo@odosiog avidpastnpiov, cuvdedeuéva
petald Tovg pECH UG LIOAOYISTIKNG otpatnywkne. To poviého CFD  tov
aVTIOPACTNPO GULVOEETOL VOTEPO HE €V HOVIEAO EMPOVEIOKNG YNUElDg TOL
VTOGTPOUOTOS TOV AAUPAVEL LTOYN TN POENGT), THV EKPOPNOT KOL TNV ETLPOVELNKT
avTidpaoT YNUKOV €OV otV emeaveld. Avtd emitpémel ) Olepedvnon Tov
AVTOYOVIGHOD TOV SPOP®V EMPAVEIAKDY QOIVOUEVOV OAAE KOl TNG OAANAETIOpOONG
HETAED TOV EMPAVEIOKDV UNYOVIGLOV KOl TOV QOIVOUEVOV LETAPOPAS, ETITPETOVTOG
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£TO1 T1) LEAETN TOV EMOPAGEDY TOV TAPOUUETPOV JEPYAGIOG KOL TWV PUIVOUEVOV GTOV

AVTIOPACTNPA GE OIOTNTEG TOL VUEVIOV, OTMG 1) OLLOLOUOPOILaL.

To povtédho CFD cuvoéeton emiong pe £vo 6TOYoTIKO HOVTELD EMLPAVEINKNG
ynueiag Kinetic Monte Carlo (KMC), to omoio emttpémel tn 618001k UEAETN TOV
SLUPOPETIKMV YEYOVOT®V TTOV AUBEAVOLY YDPO GTNV ETPAVELN TOV VTOGTPOUOTOG OTN
vavokMpako. MiKpooKomikeg 1010TNTES TG amdbeong Tov veviov, OTmG 1 eEEMEN TG
TpoLTNTOG, N ATOTIOEUEVT] LAL KOt 1) GTOLEIOUETPIO TOV VUEVIOV KT TN SLUPKELL

g oepyaciog ALD, pmopodv va vroloyiotohv ¥pnoIYLOTOIdVTAS VT TO HLOVTEAO.

Téhog, xpnoomoOnKe YEOUETPIKO HOVIEAO OVATTTUENG GE VNGIOES, MOTE Vol
pedetnOel n amdBeon Katd T Sdpkeln TOV apykav Pnudtov g depyaciog ALD.
AvT10 10 HOVTELD TpOoPodOTEITAL OO TIHEG TTOL TTPOEPYETAL OO TOL GLEEVYUEVA LOVTEAN

EMPOAVEIOKNG yMUElag TG KALaKag Tov vrooTpopatog Kot CFD.

And v avdivon g depyaciog pe ™ ovlevén tov povtéhov CFD tov
OVTIOPOOCTNPO KOl TOV HOVTEAOL EMWPAVEIOKNG YNUElNG otV KAIHOKO TOV
VTOGTPAOUOTOG, TPOKVTTEL 1] OVAALCN TOV EMQAVEIOK®OV pnyavicuov. To oynua

ynueiag ov ypnoipomomOnke mapovoidletal oto Zynua I11.
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Zymua IT1. Eymupa ymuetog mov yxpnoyomomonke yio Ty aviAuon TV ETLYOVEINKOV

UNYOVIGUOV

To oynua ymueloag epopudletor 6T0 HOVIEAD EMQOVEWKNG  yMUEldS,
YPNOWLOTOIDVTAG TIC EVEPYELEG EVEPYOTOINONG Yol KAOE UNYOVIGUO, OTMG OVTES

nopovoidlovtal ot Piproypagia (Widjaja and Musgrave, 2002).

Ta arotedéopata Tov cvlevypévou poviédov CFD kan empavelokmg ymueiog
oV KMUOKe TOV VTOGTPOHTOS TTapovstdlovial oto Zynua I12. H vroloyiopévn
am60eon ava kokko ALD (GPC) cuvaptioet TG Oeppokpaciag, Kot 1 GOYKPLoN LE TIG
TEPAUATIKEG LETPNOELS Yo dVO drdpkeleg ToApnmv TMA mapovoidlovior 6To Zynuo
[I2a. H avdivon tov pnyovicudv mapovcwdletor oto Zynupo I[12B, péoo twv
VTOAOYICUEVOV TOAVOTHTOV OVTIOPOOTS TV 0VO0 OVTIOPOVTIW®V, TAV® GTO ETLPOVELNK(L

AN oot Eia.
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Zyua I12. o) AmdBeon avd kokho ALD cvvaptioet g Oeppoxpaciog: 25 ms
naApod TMA: nepapatikég petpnoels (tpiyova) Kot VToAOYIGHOT (SIOKEKOUUEV
ypapun). 60 ms waipod TMA: nepopatikég petpnoels (TeTpdymva) Kot VTOAOYIGHOT

(ovveymg ypopuun). B) Ibavottes avtidopacns tov aviidpavimy.

To oynuo 12 oeiyver 6Tt yu younAég Oepupokpoaciec, m amdbeon eivon
TEPLOPIGUEVT]. AVTO cLUPaivel AOY® TOL OVTAYOVIGHOV HETASD TNG EKPOPNONG KoL TNG
avtiopaong Tov popnuéveav oty emedvela popiov H2O0. H expdéonon eivar
EVIOYLUEVT G€ OYéom HE TNV aviidopaon ot yYounAés Oeppokpociec, Adym g
LEYOADTEPNG EVEPYELOG EVEPYOTOINONS TV OVTIOPAcE®Y. AVTO 0dNYel otV YaUNAn
mbavomro  avtwdpdoswv  (Zynpo  I12B). Otav 1m  Oeppokpacio  avédvera,
EVEPYOTTOLOVVTOL Ol OVTIOPAGELS, 0OMNYDOVTOS GE HEYOAVTEPN TOAVOTNTA OVTIOPACTG
(Zympa T12B) ko peyodvtepn andbeon (Zynuo [M2a). o Beppoxpacieg dveo tov
200°C, 1 amoBeom meplopileton and v pEYIOTN GLYKEVTIPp®ON TV LOPoVAimy (OH)
oV em@dvela, n omoio pewdveTOL pe TV avénon g Beppoxpaciog. T'a 1o TMA,
napatnpeiton n avtictpoen cvumepipopd. H mbavomrta avtidpacng ov TMA eivan

vynAotepn ot younAdtepeg Oeppoxpaciec. Otav m Beppokpacio  avéaverar,

10



evepyomoteitan 1 ekpdenon Tov TMA amd v emeavela, Kot 1 mlavotnta oviidopaong

TOV EAOTTOVETOL.

O mopamdve avToy®VIGUOG TOV ETLPAVELLK®OV QOIVOUEVAOV QOIVETOL GTO XYM L0
I13, 6mov mapovoidlovtal To. amoTeEréouata TV 6ToxaoTikod poviédov KMC. Ot
TPOPAEYELC apopobV TOV aplBUd TV YeYOVOT®V TToL AauBdvouy ymdpo o1 dldpKeLn

evog kKOkAov ALD mave og 10,000 empoaveiokd ototyeio.

H Aemtopepnc avt avdAvom ToV ETQOVEINK®OV UNYXOVIGU®OV KOl TOL
AVTOYOVIGHOD TOVG OElyveL 0Tl 68 YaunAés Bepuokpaciec 1 pHeydAn mAelovotnto TV
poonuévav popiov H20 ekpogpdton mpotov avtwpdacet (Zynpo [13a). H avtiBen
ocoumeprpopd mapatnpeitor vy 1o TMA, to omoio avtdpd mpotod ekpoendel e
peyorvtepn mBavotnta (Zynua I13B). Avédvovtag ™ Oeppoxpacio, ot avtidpdcels
tov popiov H2O gvepyomorodvion (Zynua [13y), kot pikpodtepog aptBuog popricemv
ypewletar MoTe va avtidpdcovy kot va kopeotel 1 emedvela. ['a to TMA, n avénon
¢ Bepurokpaciog evepyomotel nv ekpoenomn (Zynparto 136, I138), kKot o amartodpevog

aplOUOC POPNCEMV MOTE VO KOPESTEL 1] EMPAVELD AVEAVETOLL.

11
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Synua I13. TIpoPAéyelg tov poviélov KMC yia ta empovelokd yeyovota o) Poenon
ko ekpoéonon H20, B) Popnon kar ekpdenon TMA, v) Avtidpdoeig H20, d)

Avtopaceic TMA

To ovlevypévo mpoétvmo tov poviéhov CFD ko emavelokng ymueiog
YpNoomToleiTan Eniong yio vo peretndel ) enidpaon TV AVOUEVOV LETAPOPAS HEGOL
oTOV KOP1o OYKO TOL OVTIOPAGTIPO GTHV OLOIOHOPQia TG amOBECNC Kol GUVERTMS GTNV
opotopopio tov vueviov. 1o Zynua [14 tapovsidlovtar otrypidTuma TV AOGE®Y TOV
eSOV PONG GE HOPPN TOV SOVUCUATOV TaXOTNTOC, KOTA TN OIUPKELD EVOG TOALOV

TMA 6udpketog 25 ms.
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yuo 4. TIpoPréyetg tov povtédov CFD yio to medio pong otov avTidpactipa o)

10 ms, B) 20 ms, y) 30 ms, 8) 60 ms petd to Eekivnua tov waApuod TMA.

Ta amotedéopata tov Zynuatog 14 delyvouv OtL t0 mMedio pong dev eivan
opoopopeo katd T dbpkela tov moaipod TMA. Kotd ta mpdta mS tov moApov
(Zympata IT4a-y), oymuotiCetor pio ovakvkiAogopios oty mepoy] move omd v
EMUPAVELD TOL VTOGTPMUATOS. AVTO GVUPaivel AOY® TG GLVAY®YNG TOV TPOKVTTEL OO
™ pon otV gicodo. Metd to téhog TOov TaApoV (Zynua I146), to medio pong

EMOVEPYETOL OTNV OPYIKT] TOV KOTAGTACT], OOV eMKpATEL ELPOAIKT pon.

Avti 1 un WaVIK CLUUTEPIPOPE TOL TEHIOV PONG KOL O GYNUOATIGUOS TNG
avVOKVKAOQOpPiaG 00N YoV GE U1 OLOIOHOPOY] KATAVOUTY TOV avTidpmdvtog TMA otov

OVTIOPOOTIPO KOl GUVERTMG OTNV EMPAVELL TOV VTOCTPMOUATOS. AVTO pmopel va

13



odNyNoel o€ avopoldpopen amdbeon, edv 1 £kBeon tov vVTooTpdpHoTOC 6T0 TMA dev

elvat apkeTN AGTE 01 AVTIOPAGELS GTNV EMLPAVELD VO, KOPEGTOLV.

H enidpaon g avakvkiopopiog kol tng dtdpkelog tov moipod TMA oty
opotopopio Tov amotifépevov vueviov atovg 300 °C mapovoidlovrtal oto Tynua I15,
pécw tov mpoPAéyemv tov mPotvmov TV ovlevyuévev poviédmv CFD ko
emoavelokng ynueloag (Zymuato II5a, [15y), aAAd kot TG OGOYKPIONG TOVG ME
TEWPOLUATIKEG LETPNOES Yo TO TPOPIA TG amdBeong maved otV EMOAVELD TOV

vrooTpOpatog (Zynuota [I5B, T156).

Onwg patvetor ota Zynpota [15a kot [15B, n avakvklopopio mov avantdicoeTon
katd tov maApnd TMA (Zyuoe [4a-y) emnpedalet v opotopopeio g amdbeong. To
npoeik TG amdbeong okoiovbel to mEdlo pong mMAve OV EMPAVEIL TOV
VTOGTPOUOTOC, OelYVOVTAG OTL 1) OVOLOIOHOP®T KOTOVOUN TMOV GUOTUTIKMOV TOV
TPOKVTTEL OO TNV avoKLKAoQopia dviwg emnppedlel v opotopopeio. H péyiom
avopotopopoio gtvor g taEng tov 2.40%. Otav n dbpkela tov moApov TMA
avéaveror ota 60 mS, n avopolopopeio erattdveral 6to 0.58%, kot 1 KaTovouq TG
amoBeomng mavet vo ennppedletal amd v avakvkiogopio. Avtd cuppaivel Kabdg n
ékbeon tov vrootpodpatog ce TMA eivar mAéov opkeT) MOTE VO KOPEGTOOV Ot
avTpdoelg oe OAn TNV EMPAVELD. TOV LTOGTPMOUATOS. AVTE TO YOPOUKTNPLOTIKA
delyvouv OTL TAL POIVOUEVO LETAPOPES TOV OVATTOGGOVTOL LEGO, GTOV KVUPLO OYKO TOL
avTdpacTipa £(ovv coPapn| enidpacn oty ardfeomn Tov vueviov. Avté avarpel Ty
Kupiapyn avriinyn ™™g ALD og depyacio n omoia eaptdton povo amé tnv

EMLPAVELOKI] YMNNELQ.
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yquo II5. TIpoeid amdBeong otV emAvELR TOV VTOSTPMOUATOG: o) [TpoPAréyelg
povtéiov, 25 ms taipov TMA B) [epapatikés petpnoeic, 25 ms moipov TMA, v)
[TpoPAréyerg poviéhov, 60 ms maipod TMA, ) Iepapatikég petpnoetg, 60 ms

nwoipov TMA

Ot unyaviopoti oy emedavela Tov dETovVV TV amdHecn Tov LUEVIOL KATA TNV

10eatn, ypoppkn Katdotaon e ALD o6mov to GPC givar otabepd, dev givar ot idot
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pe ovtovc mov AopPavouy y®po Koté TOLG apyKovg KOKAOVG. T'o T peAétn g
amobeong koTd TOLG TPMTOLS KOKAOLG ALD, ypnotpomombnke VITOAOYIGTIKY|
dlepgvvnon pe 1o HovTéAo avamtuEng vpeviov oe vnoideg, oe cuvovooUd LE
nepapatikés petpnoelg XRR. Méoa and v diepgvvnon avty, €lvar dvuvotd va
ToVTOTO 00UV 01 UNYOVIGHOT TTOL AdUPAVOLY Ydpa GTa apyikd oTddto TN andbeonc,

KaOADG KoL TANPOPOPIEG GYETIKA LE TNV OPYIKT KATAGTAOT THG EMPAVELNS.

To povtéro Baciletar o€ yeUETPIKES apyEG Kot TPoHToBETEL TNV OvATTTLEN TOL
vueviov o€ nuoeapkég vioideg (Nilsen et al., 2007). H apykn emdveia, n onoia dev
avtdpd pe o avtdpovta, omoteAsitor and emavelakd Si-H otoyeia Adym tov
Kabapiopod tov vrootpodpatog (Si) ue HF. H mopnivoon kot andbeon Eekivoov movo
0€ TOPACITIKA oTolyelo TG empavelag, 6mwg to OH, mov dev &yovv amopokpuvOel
oMké and tov kaboapiopd HF (Puurunen et al., 2004). Katd tovg emdpevong KOKAOLG,
N andBeon yivetal TAVE Kol YOP® OO TO MON AMOTEOEYUEVO VAIKO, 00MNYDVTOG GE
oynuoatiopd kot avantoén vinoidwv (Puurunen et al., 2004) (Puurunen and Vandervorst,

2004).

Ta amotelécpoto Tov LOVTEAOL OVATTLENG GE VNINGIOES KOl TG TEWPOUATIKNG
depevvnong pécm petprioewv XRR mapovsidlovrar oto Zynua I16, yio andBeon otovg
300 °C. To povtéro avamtuéng oe vnoideg £xel 0Vo mapapuéTpove. Tnv andbeon ava
KOKAO ot ypoppikny katdotacn ALD, m omoio tpogodoteitor and to mpdTLTO
ocvlevypévav poviédmv CFD kot emeovelakng ynuUeiog, Kot Tnv apyik GUYKEVIP®ON
TOV TOPACITIKOV GTOWYEI®V TUPNVOCNG OTNV EMPAVELD, TA OToio, AapPAvovior ®g
oupoopopea. Kotaveunpéva oty emedveln. H apyiknq oxtiva tov vnoidov sivot

UNoEVIKT).
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Zymua I16. a) EEEMEN Tov amoTiBEUEVOL ooV TOL VUEVIOV: TEWPOUUOTIKES LETPNGELS
XRR (poupor) kot mpoPAéyelg poviéhov avamtuéng oe vnoideg (Srakekoppévn
ypapun), B) EEEMEN Tov anotiBépevou mhyovg ava kbkko ALD: mpoPAréyelg

HOVTEAOV avATTUENG 0 VNGIOES

H ovpoovia peta&d mpoPAéyemy Tov HOVIEAOL KOl TEPALOATIKOV LETPNCEDV
omwg mapovotdletar oto Zymua I16a, deiyver 6TL N avdmtvén o€ vnoideg eEnyet v
TOAOTAOKY CLUTEPLPOPE TNG £EEMENG TOL ATOTIOEUEVOL TAYOVS TOV VUEVIOL. Mécm
™mg avéAvong ovtng, pmopel va eEayBel n TN ™G apy KNG cLYKEVTIPOONG OUAO®V
TUPNVOGNC GTNV EMPAVELD, TV Tpocdlopileton otig 0.08 opddeg/nm?2. H e&éMén g
avamTLENG TOL LUEVIOV TTEPVA OO TPial GTAJ, TO OTOL0 OMOTLTTAOVOVTOL GTNV eEEMEN

10V anoTdéuevoy mayovg ava kbkAo ALD (GPC), oto Zynuo IT6P.

210 TPMOTO GTAS0, Ol NUICPUIPIKEG VNGIOEG AVOTTOGGOVTAL, AVEAVOVTAS TV
dwbéoun mpog amdbeon empaveln. Avtd oonyet oty avénon tov GPC, etdvovtog
po péyloTn TR, peyaAvtepn g tTung tov GPC g diepyaciag mov TpokvTTEL 0N
ypapukn katdotacn ALD (~0.1 nm/kbkho, Zynua I12a). H péyiotn tiuf Aappaveton
0TO ONUEIO OOV 01 VNGIOEG EPATTOVTOL Y10 TPMTN POPA M Wit Pe TNV AAAN, TO omoio

oTNV GLYKEKPLUEVT TEpinT®on cvppaiverl petd and 18 khxiovg ALD.
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[Mepartépw avantvén tov vynoidov odnyel o€ GLYXOVELON TV VNGIO®V,
elattvovtag TN Sabéoiun mpog andbeon empdveln, kot cvvendg to GPC. Avti n

oLUTEPLPOPE 0p1oBeTEL TO OEVTEPO GTASIO NG EEEMENG TNG AVATTTLENG TOV VLUEVIOV.

To otdd0 aVTO TEPAUMVETOL TN GTIYUN TTOV Ol VNGI0EG KAAVTTOLV OAN TNV
EMPAVELDL TOV VTOGTPOUOTOS, KOl TO LUEVIO YIVETAL GUVEYEC. XTN GLYKEKPLUEVN
nepintoon owtd ocvuPaivel petd omd 25 kdxhovg ALD. Tlepautépm avantvén tov
vpeviov odnyel oe TEPAITEP® CLVEVOON Kol EAATTOON NG OBEcIUNG EMPAVELNG,
péypig 0tov M empdveln yivel Aela kot o GPC telvel oty otabepn tov Tun, 6mov
TpoKVuTTEL N Ypappikn kotdotaon ALD. H tapandve avdivon delyvet 6t yperdlovrtan
nepimov 25 koxAot ALD aote va amotebel éva cuveyéc vuévio, mpdypa mov mepropilet
T0 EAAYLOTO TTAYOC TOV VUEVIOV, KOl GUVETAGS TIG OVVOTES EQPUPIOYEG TOV GE AETTOTOUTES

VOVOUETPIKES KAMLOKEC.

Extog and ™ pn ypoppikn kot wovikn ovamtuén tov LUeviov Katd Tovg
TPMOTOVS  KVUKAOUG, OlEMPAVEINKE @ovopeve odnyodv otn  onovpyio  evog
OEMPAVELNKOD GTPMOUATOG U WOVIKNG GVGTACNS. AVTO TO SEMPAVEINKO GTPOUA
avantoccetol poll pe To vpévio, 0nmg eaivetal omd Tic avarvoeic TEM kot STEM oo

Yynuo I17, ko anoteleitan amd SiOx, AlOy, kot SixOyAl.
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Yynua I17. Avarvoeig TEM ko STEM yia vpévia Al2O3 tave og Si yia o) 5

KOKAovg ALD, B) 20 kokAovg ALD, y) 200 kbxriovg ALD

Onwg delyver n wkpoypoeio 17, petd omd 5 wkoxhovg, dev pmopel va
draymprotel To dtempavelokd otpodpa omd to vuévio Al203. Avtd cvufaivel Kabmg To
vuévio Ppioketar akdpo o€ LopPn YNoidwv, OTmg £d€1Ee Kat 1 avdAven TOv ZyNUATOG
I16. AvEdvovtog Tovg kbkhovg ALD, 10 mhyog tov vueviov av&dverat. Tavtodypova
av&AveTal Kot TO TOYO0G TOL OEMPOAVEINKOD OTPOUATOS, KOODS ovEAVETOL Kol M
dempovelokn o&eidmon tov Si. Otav 1o vuévio AlOs yiver cuveyés (netd and 25
KOKAOVG, cOHQ®VO pe TNV avdAivon tov Xynuatog I16), n meportépw avamtuén tov
nhyove tov kabotd to VuEvio AlO3 ¢ TPOGTATELTIKY EMIGTPMOON EVAVTIOL OT
duavon O TPog TNV EMLPAVELD TOV VTOGTPDOLOTOG, KOl GUVETMS TPOG TNV 0EEIOMOT Kol
dnuovpyia SiOx. Avto paivetar oo ta Xyuata [17p kot 17y, 6Tov dev mopatnpeito
TEPAUTEP® AHENGN TOV TAYOVG TOV JETLPOVEINKOD GTPDLLOTOG.
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H avélvon g o0oToonG TOV SIEMPAVEINKOD GTPOUOTOS YIVETOL HEC®
avaivcewv EDX, 0nmg paiveton oto Zynua [18. Mo moAd pikpn vodog oTig LETPNOELS
O aviyvevetal 6Ty eMPAVELN Si, Y10 TO SEIYLLO VTOGTPOUATOG YWPIG amdbeon (Zyfua
[18a). Avto deiyvet 6T1 0 kabapiopog HF tov vmootpdpotog apatpel v mieovotnta
TOV EMPAVEINKOV 0&edinv, apnvovtag v empdveln. tepuaticpévn pe Si-H. H
emeavelo, Si-H ocvvendg mobntuconoteitor mpog o&eidwon. H pikpn mocodtTor TO0L
avyvevpévou O oty EMPAVELD ETOUEVMOG OVTIGTOLYEL G TOPACITIKA GTOYElN, OTMG
opnadec Si-OH mov dev €yovv amopakpuviel katdAAnia 1 og SiOx mov oynuatileton
petd v ékbeom tov detypatog otov aépa. H mopnveon ALD katd ) didpkela TV
TpOTOV KOKAOV ALD, Aappdvel xydpa ce t€toteg opdoes. To povtédo avamtuéng tov
ynoov, mpocapuocuévo otlg  petprioelg XRR, vmoloyiler v empaveloxn
GUYKEVTP®ON TOV TOV opddmy, oe 0.08 opddec/nm? (Zyiua I16). To vuévio ALD

apyilel va oynuatileTon 6€ avTA TO EAUTTOUATOL.

Av16 10 amotéheopa mapatnpeitanr oto Tpoeik Al, O, Si og deiypo Al2O3 5
Kukhov ALD oto Zynua TI8P. e avt) v nepintwon, petald tov vwoosTpodpatog Si
ka1l Tov otpopatog C, mapatnpeitar pia kabapn kopven otic petpnoelg O poli pe o
wikpn kopven tov Al. Qot6c0, akdun kol oto detypo 5 kokhov (Zynua TI8B), n
kopuen O givor o oNUAVTIKY amd 0TL 6TO dElyUa LVITOCTP®UATOS (Mo [18a). Avtd
amodidetar oty 0&eidmwon Tov vrooTp®uaTog Si, kKatem amd to amotiféucvo AlxOa3.
Avté 10 amotéleopa deiyvel 6t amdbeon Al evicydel nv o&eidmon tov Si axdun Kat
oe yaunAn ovykévipoon smoaveiog Al. Méow tov petpnoemv EDX, e€dyston 1o
TAY0G TG dlemPpavelokng meployns 1.93 nm, 6mov 1.6 nm ovtictoryovv oe SiOy, evid

0.3 nm avtictoyovv oe teployn cvvomapéng Al, O, ko Si.
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Yynuo I18. Metprioeig EDX yia ta ototyeia Al, Si, O kot C yio deiypoto: o)
Ynootpopa kabapiopévo pe HF, B) 5 koxkot ALD, y) 20 kdxkiot ALD, ) 200 xvxrot

ALD

To Zynua I8y deiyver éva deiypa Al203 mov anotébnke pe 20 kdklovg ALD.
O1 dwwyeig kopveég Al kot O oto Tpo@id opeirovial oty amdbeon Al2Os. H avaivon
g avamtuéng o vnoideg (Zynua I16) delyvet 6t petd amd 20 KHKAOVG, 1 ardBecT TOV
vpeviov Ppioketar Kovid 6to TEAOG TNG AVATTVENG GE YNG10ES, MGTAOGO TO VIEVIO OgV
etvar axopa cvveyés. Xpnoomoldvrog Tig petpnoels EDX, cvuvayeton po meproyn ~

1.5 nm, 6mov vdpyovv pdvo €idn Si kot O, GLVERMG 0 GYNUOTIGUOS GTP®UATOG Si0x.
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Mia meproyn ~0.7 nm, 6mov 6Aa ta €161 Si, O kot Al givar Topdvta, aviyvedetol Tpv

and 1o vpévio Al203. To cuvohikd Tayog TG Slempavelag Tov mepiéyet Si eivan 2.2 nm.

O TTPOTEWVOUEVOG UNYOVIGUOG Y10, TO GYNUATIGHO TOL dlemipavelokod SiOx eivat
1N didyvon Tv O otoyeinv pécao and 1o amotedeipévo Al20s3, odnydviog o 0&eidmon
tov Si. Emiong, n avtidpaon tov H2O pe emeavelokég opnddeg Si kotd v avamtuén
o€ vnoideg, O6mov M emedveln dev KaAvmTETOL TANPOS oamd To vuévio ALD,
KoTolvopevn oo v mapovoio Al (Frank et al., 2003)(Lim et al., 2000), eivor emiong
évac mBavog unyovicpoc v v avantuén demipavelokod o&ewdiov. Ot OH opddec
UTOPOLV VO GYNUOTIGTOOV KOTA TNV apyIKY] avantuén oe vnoideg, Kot odnyodv 6to
oynuatiopd ewmv SIOH (Naumann et al., 2012). Avtd to €(dm 0dnyodv 6€ TepaITépm
0&el0MON VIOCTPOUATOG UETA amd TEPOUTEP® avENoN TV kukAwv ALD. T va
emoAnOevbel avt n vrdbBeon ypnowomomOnkav petpnoeg SIMS katd pRKog tov
nayovg evog vueviov Al2Os, anotebeiuévo pe 200 kdxlovg ALD. Ta amotedéopoto g

avdivong SIMS napovsialovior 6to Zynuo I19.

H avdivon SIMS deiyvel Eva opotOLopeo Tpoeil cLYKEVTIPOONG Y10, Ta £idn Al
kot O 6ToV TLPTVA TOV LUEVIOV, OTTOV deV aviyvedeTat Si. Avtd emPePordverl OTL KaTd
™ ddpkewo ¢ ALD, to vuévio AlbOs kototiBetor pe otabepn ovotacn katd ™

dupkela kdbe KOKAOL.

Ortav n avélvon @tével ot dempaveia, ot uetpnoeig AlO kot O pewdvovral,
HéYPIS 6Tov M Avaivor PTAcEL T0 VIOSTPWUO. Si, 6oV dev aviyvevovtal TAéov Ta Al
ka1 O. H cvopmepipopd tov petpriicemv Al gival Stopopetikn. Apyikd peumvovtol Otov
N avdAvon etavel ot dtemeavela, 0nmg oty nepintoon towv AlO kat O. Zn cuvéyeia
O, 0 appog Al avédvetan Tapovc1alovTag Lo LKPT KOPLET 6T SETLPAVELD, TPLV

pelwbet 6to UNdév otV mEPLOYN VLOGTPOMOTOS Si . AvTd 0dnyel 6T dLdKpLoT dVO
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TEPLOYMV OTN SGVVIEST): UL TEPLOYN YaUNAoD Al oty Kopven TG SEMPAVELS,
Kovtd oto vuévio Al2O3 kot pia mepoyn eumiovtiopuévn pe Al ot diemodvela. H
SPOPETIKY GLUTEPLPOPA TV TPoPik Babovg Al kar AlO evtdg g dempdvetog
poptupd £va mhavo dtapopetikd ynukd tepifarlov Al evtog g dempavetog. To Al

0o umopovoe va givan mapdv ot dempdvela oe katdotaon ektog Al20s, onwg to Si-

O-Al.
Al
1.E+03 | ‘ .
[ '
1e+02 (|| O Si0
| / \\\
£ SiOH
5 1.E+01 || AV UTAVIVS
(@] \ !/ \

1.E+00

M ! N

1.E-01
0 200 400 600 800
Sputter time (s)

Yynuo I19. Metprioeig SIMS katd uikog tov mhyovg evog vueviov Al2Os3,

amotedepévo ypnoomotdvrag 200 khxiovg ALD.

Ta Si0 kot SIOH deiyvovv eniong pia TapdHOe GUUTEPLPOPA: GTI SIETIPAVELDL,
ta Si0 kot SiOH av&dvovtat, Tapovstdalovtag Lo Kopuen TOV CLYKEVIPOGENDY TOVG,
mpw petwbodhv Kabdg 1M avaivon @TAvEL TO VTOCTPOMO Si. AVTEC 0L KOPLEES
eppaviCovror otny idwo Béon pe v kopven Al, emPefoardvovtag £Tot 6TL EVTOG NG

SEMPAVELNG VTLAPYEL EVOL SLOPOPETIKO Ynkd wepBariov Al. Avtd ta omoteléopata
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detyvouv 0t OAa ta. €idn Al, O, Si givar mapovTa eviog TG SIETPAVELNS TOV VUEVIOV,

omwg amodeiydnke and ta anoteAéopata EDX oto Tynua I18.

Ta amoteAéopata SIMS tov Zynuotog I19 arokaAvmtovv Vv Tapovcio TV
opdowv SiOH o dempdvela. Avti n mopovsio pwopet va etvar n Ty g o&eldmong
TOV VTOGTPOUOTOS KOTO TN OLIPKEW TOV VNOLOTIKOL KOOEGTMTOG avVATTLENG
(Naumann et al., 2012). Ot ouddec SiOH oynuatiovtor kotd tn S1dpKel NG
avantuéng oe vnoidec mov AapPavel xopo Katé Tovg TPMOTOVS KVKAOLS amdfeonc. O
UNYOVIGLOG Yo TOV oYNUaTio Lo Toug Ba pmopotce va givor 1 avtidpacn tov gidovg Al-
OH mov dnpovpyndnke omd v yMukn emeavela tov vpeviov ALD pe ta Si g
EMPAVELOG TOL VTOCTPOOTOC, TO OTOlo, OV KAAVTTOVTOL TANPOS omd €ion Al katd

v avamntuén o vnoidec.

INo vo avtipetoniotovy 1o Vo Pactkd peovektipoto g ALD AlbOsz nave
o€ Si, dAadn N TEPI0G0G TLPNVOOTS KoL AVATTLENG TOL VUEVIOV 08 YNGideg KOBMS Kot
1 dNovpyic TOV SETLPAVELOKOD OTPMUOTOG AOY® SEmPaveIaKnSg 0&gidmaong tov Si,
glodrygton 1 in Situ ékBeomn tov kabapiopévov pe HF vrootpdpatoc Si oe midopo No-
NHsz pwv v évapén g dwdikacsiog ALD. Me avtv ™ pébodo mpoepyasiog tov
VIOGTPAOUATOG, OVATTVGGETAL 6TNY empavela o Aemty otpmon SixNyH (PT layer),
ndyovg 1.8 nm. H emidpaocn tng mpoepyaciog avtng otnv UETEMELTO amdbeon T®V
vpeviov Al203 péom ALD mapovcidletor oto Zynqua I110, 6mov mapovoidletar to
petpnuévo pe STEM amotiBépevo ndyog twv vpeviov cuvaptnost tov kikiov ALD,
Yo vTooTpOpaTa PE TV Tpogpyacio pe TAdopa N2-NHs (Aetypoto PT) kot yopic v

npoepyocio pe N2-NH3 tAdopa (Aetypota NPT).
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yquoe IT10. Metpnoeig STEM yuo o amotiBépevo mayog TV vueVimY
cuvaptnoel TV KoKAwv ALD, yio vrootpopata pe v npogpyacio pe N2-NH3

mAdcpa (popPor), ko xwpic tnv mpoepyasio (KOKAOL).

To Zynuoa IT10 deiyver 6t dtav 1 in Situ Tpoeneiepyacio TAdouatog No-NH3
TpoypaTomoleitol Tpv and tnv amodbeon, ot eikdveg STEM deiyvouv 0Tt akdun kot et
amo S kokhovg ALD, éyel amotebel éva otpodpa tayovg ~2.2 nm. To mdyog tov Al20s3
pmopei va Aneoet aparpdvtag to otpdpa ~1.8 nm mov arotifeton amd v Tpogpyacia,
Ao T0 OAKO Thyoc. Avtd odnyel oe Tun ~0.4 nm. Metd and 20 kor 75 KOKAOVG, TO
ovvoAko mayog Al203 mov amoténke avEavetatl o ~1.9 nm kot ~7.3 nm avTicTo .
Ta mapandve arotedécpata deiyvouv avénuévn amdbeo KaTd TOVS TPMOTOVS KOKAOVG

ALD, ot ouykpion e ta detypata NPT.
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Mo ta vrootpopato NPT, dev vrdpyet mopatnpnoto LUEVIO peTd amd S
KOKAovg, evod N péon GPC givan povo ~0.07 nm / koxhog petd omd 20 khxlovg kot
etével ~0.1 nm / kOKAo petd amd 30 koKAovg, Onmg eaivetar amd Tig petpnoelg XRR
KOl TO OMOTEAECUOTO TOL HOVIEAOL avdmtuéng oe vnoideg (Zynuo 116). Xta
vrootpopota PT, n péon GPC eivar ~0.1 nm /xdkAo petadd 5 kot 75 kdxiwv, 1 onoia
etvar  GPC xotd ™ didpreta g ypappikng katdotoong ALD (Zyquota [12, I16). Qg
€K TOLTOV, M TePI0d0g TLPNVOONG, TOV AVOEEPONKE OTL EUPAVIGTNKE KOTO TOVG
npOTovg KUKAOLG ALD (Zynuoa I16) avrpetomiomnke pe emtoyio ond v
npoeneiepyacio TAdopatog N2-NHs tov vrootpodpatog Si. Avtd coppaivel Aoym tov
EVIGYLUEVOV OVTIOPACEDY TMV AVTIOPOVIOV UE TIG EMPAVEINKEG opadeg SINH2 kat
(Si)a2NH (Lin and Teplyakov, 2013), ot onoieg dnuiovpyodvIol KoTd TV Tpogpyacia
mAdopotog N2-NHz tov vrootpdpartog (Asiypata PT), oe oyxéon pe t1g opddeg SiH

(Aetypata NPT).

Ext6¢ amd v evioyvon g andBeong katd toug mpdtovg kukAovg ALD, n
npogpyacio mAdopatoc N2-NHz tov vmootpdpatog odnyel kol 6Tov TEPLOPIGUO TNG
dempovelokng 0&eidmong Tov Si vrooTp®poTog. Avtd eaivetat oto Xyfua IT11, émov
napovotalovior ot avaAivoelg EDX vpeviov AlO3 anotebeipuévov mave o€
kabapiopévo pe HFE Si (Aetypoto NPT, Zynuata IT1 1a-y) kot méve o€ Tpogpyacuévo

ue mAdopa N2-NHs Si (Agiypata PT, Zynuato I1116-01).
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Zyqua IT11. Avaivoeeig EDX vueviov Al20s. Apiotepr| otiin: Agiypato NPT
ypnoonowwvtag o) 5, B) 20 kary) 75 kokiovg ALD. Ag&ud omin: Agtypato PT

YPNOOTOImVTAS d) 5, €) 20 ko 1) 75 wvxhovg ALD.

Metd and 5 koxkhovg ALD oty emeaveia tov NPT Si (Zyfiua 6.1111a), povo
o oAy pkpn moootnto Al pmopei va aviyvevBel oty empdvelo. Metd and 20

KOKAOVG (Zynua 6.IT11P), eppaviletar capng advénon tov petpnoswv Al oto Tpoil
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EDX, deiyvovtog 0Tt Tpdrypatt amotifetot vévio oty emedvela, eniefaidvoviog Tig
TPOPAEYELC TOL HOVTEAOV OVATTTLENG G€ VNGIOEG KaL TIG TPOTYovpeves avaArvoels. To
nayog G 0&edwpévng otpmong Si elvar ~2.2 nm yo o deiypa Tov 20 KhkAov dmwg
avaeépbnke kot oto Zynua I18. IMa 1o delypa mov amotédnke ypnoonoiwvtag 75

KOKAOVG (Zymua 6.1111y), to o&edmpévo otpodpa Si &yl mhyog ~2.4 nm (Zynuo I18).

>1a detypota PT, n capng andbeon Al gaiveton non petd omd 5 kokiovg ALD
(Eyuo 6.I1118) péom wag kabopng kopveng tav petpioemv Al. To Zynua 6.I11156
deiyvel emiong onuavtikn peimon g SEmpovelokng 0EEid®oNG TOL VIOGTPMLOTOG Si.
Agv aviyveveton kapio mteployn, 6mov vdpyovv povo gidn Si kar O. EpgaviCeton éva
otpopa Si, O kot N, pe mayog ~0.9 nm. Xt cvvéyeto petpdrton meproyn ~0.8 nm 6mov
oA T otoyeia Si, O, Al N eivon mapovra. H didyvon tov Al kou n andbeon oto
Myotepo mokvo otpdpa SixNyH B propovoav va eEnynoovy owtd 1o amotérecpa. To
GLUVOAIKO TAY0G TOL GTpOUTOS oL TePLEyeL N eivanr ~1.7 nm, mov avrtictolyel oto
nayog oV otpduatog SixNyH. Avtodeiyvetl 01t evéd n SixNyH erniotpmon oedmvetau,
10 Si vdoTpOUN KAT® and avthyv Tpoctatedetal. To mayoc g otipadag Al.O3 givon

~0.4 nm. Avtég ot TIéG cLPE®VOVV e TIg petprioelg STEM.

Metd omd 20 kot 75 KOKAOLG, TOPATNPOVVTOL TO EVTOVES KOPLOES TV
uetpnoewv Al ota mpoeih EDX (Eynuata I1l1le xou I110ot, avtiotoya). H
JEMPAVELNKT] 0EEIOMOT TOV VITOGTPAOUATOG Si LELDVETAL GE GVYKPLOT LE TOL OVTIGTOLY O
un mpoemeepyacpéva detypata (Zynparto IT116 kot [T11y). T to detypa 20 KOk wv,
10 TAY0G TG meproyng SIONH eivar ~1 nm. Meta&d tov otpopatog Si-O-N-H kot tov
vueviov Al2O3, vdpyet o meployn Si, N, Al kot O, pe mayog 0.8 nm, odnydvrog o
pa meployn mov mepiéyel N olkov méyovg ~1.8 nm. To avrtictoryo Si-O-N-H yw to
delypa twv 75 koKAwv givarl Tdyovg ~0.5 nm, evd 1 meproyn tov Si, N, Al kot O €xet
ndyoc ~1 nm, odNydVIag 6€ o TEPLOYY| oL TEPLEYEL N cuvoAkoy mhyovg ~1.5 nm,
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delyvovtag Ko AL TNV TPOCTOTELTIKY W10TNTO TG EmioTpwong SixNyH evavtio oty

TEPAUTEP® 0EEIBMOT TOL VIOGTPOUATOG Si.

Yy nepintoon tov emipavel®v PT, to anoteAéopatd pog deiyvouv 0Tt yio OAo
ta Oetypata, 1 0&eldmon ToV VITOGTPMUATOS LEUDVETOL CUAVTIKA. AVTN 1] KATOGTOAN
G 0&eldMONE TOV VITOGTPOUOTOG £XEL TPONYOLUEVMG avapepBel amd Tovg Brewer et
al. (Brewer et al., 2004), kabmg eniong amd tovg Xu et al. (Xu et al., 2006). I'o va
kobopiotel av 1 demeavelo. SixNyH tov detypdtov PT mapovcidlel kaAdtepeg
dlempavelokeg womteg and m oemoaen SiOx tov detypdtov NPT, mpéner va
EKTEAEGTOVV NAEKTPIKOL YOPAKTNPIGLOL, 01 070101 EKPEVYOVV TV OpiwV TNG TAPOVGOG
perétng. Ilavimg, ot diemdveleg avtég €xovv deifel Pedtiopéveg 1O10TNTEG 0N

Biproypapia (Xu et al., 2006).

Avt n perém deiyvel 6Tt dV0 omod To KOpla petovektipata thg ALD tov Al2O3
a6 TMA xot H20 ntdve og Si, onAadn 1 apyikn tepiodog mupivemongs, 1 avartuén Tov
vpeviov og vnoideg kot n dempavelakn ofeidmon mov odnyel oty avdntvén tov
dempovelokoy oTpapatog SiOx, UTOPOVV VO KATAGTOAOVV YPNGULOTOLOVTOG Mo
KatdAANAN mpoemeEepyacia em@dvelag Si. AVTd To OTOTEAEGUOTO UTOPOVLV VO
YPNOWEVGOVY ¢ KoBodNynon vy TV ovArTuEn  KOTOAANA®V  TEXVIK®OV
TPOENEEEPYACIOG EMPOAVEIDV YLO0. VTOCTPOUATA Si, Qe GTOXO TNV &vioyvon TG
EMUPOVEIOKNG TOVG AVTIOPACTIKOTNTOS EvavTl TV avTdpmdvieov ALD kot meplopiopod

™G dtempavelakng o&eidwong tov Si.

Av kol M gpeuVNTIKN €pyacia mov mopovcslaleTon o€ avT TN drtpPn
nepropiletar oe ALD tov Al2O3 and TMA «kor H20 og Si, avt) 1 mpocéyyion umopel
va ypnoporom el yio GAL LAIKAE, €101k Yo v ALD t0ov o&ediov petdAiwv oto Si.

Avtd pmopet va odnynoetl oe éva yevikd mhaiclo yia ™ 01eEodikn peaétn e ALD
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GAA@V dinAektpikdv o&edimv, onmg ta HfO2 kot ZrO2. H épevva avt Oa pmopovoe
va avoi&el To dpopo yio v ALD maote va kabiepwbel ¢ 1 KATGAANAN TEXVIKY Y0 TNV
amofecT GLVEXDV Kol OUOOLOPPMOV VOVOUETPIKADOV VUEVIOV e SEMPAVELES VYNANG
KaBapOTNTOG GVGTAONG, YO TIG EPAPUOYES TOV HKPONAEKTPOVIKOV GUGKEVMV TOV

HEALOVTOG.
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Résumé Francais

La miniaturisation continue des dispositifs microélectroniques exige la
production des couches nanométriques uniformes et conformes, avec une excellente
pureté et des interfaces abruptes. Le procédé de dépdt par couche atomique (ALD) est
performant pour produire de tels films. Profitant de la nature auto-limitante des
réactions chimiques en jeu, I’ALD peut permettre un contrdle de 1’épaisseur a la

monocouche pres, produisant des films de haute pureté.

Bien que 1'ALD présente de nombreux avantages, des inconvénients
apparaissent lors du dépot de films de quelques nanometres. En particulier, la
croissance initiale en ilots et la formation d'une couche d’interface sont deux de ses
limitations principales, en particulier pour le dépot d’oxydes métalliques sur Si. De
plus, le dépot sur des grandes surfaces n'est pas toujours uniforme et dépend du réacteur
et des conditions opératoires. Ces inconvénients doivent étre supprimés pour déposer
des films nanométriques d'oxydes sur Si, essentiels pour produire les transistors a effet

de champ du futur.

Dans cette thése, 'ALD d’Al203 a partir de TMA et H20 sur Si est étudiée de
facon approfondie, afin de remédier aux inconvénients pré-cités. L'étude consiste en
une approche combinée, expérimentale et numérique multi-échelles. Quatre modeéles
numériques différents ont été¢ développés pour traiter différentes échelles d'espace. Un
ensemble complet de techniques de caractérisation a été utilisé, incluant ellipsométrie,
XRR, TEM, STEM, EDX, XPS et SIMS. Dans ce cadre, les phénomeénes en jeu sont
analysés en détails, ce qui permet de mieux comprendre les mécanismes a l'origine de

ces inconvénients.
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La compétition entre la désorption et les réactions de surface s'est avérée étre le
facteur limitant pour le dépot a basse température, jusqu'a 200°C. La concentration des
sites réactifs en surface limite le dépdt a des températures supérieures, jusqu’a 300°C.
Bien que I’ALD soit reconnue comme dépendant uniquement de la chimie de surface,
I’analyse des phénomeénes de transport a I’intérieur du réacteur a montré que la
conception du réacteur et le choix des conditions opératoires peuvent affecter la
distribution des réactifs et la température a 1’intérieur du réacteur ALD. Le couplage
entre les différents modéles numériques aux différentes échelles ont révélé que
I'interaction entre les phénomeénes de transport et les mécanismes de surface influencait
l'uniformité du dépot. Ces travaux ont permis de trouver des conditions optimales pour

P’uniformité des films.

Au cours des premicres étapes, le dépot est inhibé, ce qui conduit & un régime
de croissance en ilots. L'analyse expérimentale a montré que 25 cycles d'ALD sont
nécessaires pour déposer un film continu d’Al2Os. De plus, I'oxydation du Si conduit a
la formation d'une couche d'oxyde interfacial d'environ 2 nm, composée de SiOx, AlOx
et SixOyAl, qui altére les propriétés et donc les applications potentielles de la structure

déposée.

Un prétraitement in situ par plasma N2-NHs du substrat a été introduit,
conduisant a la formation d'une couche de SixNyH sur la surface du substrat. Le
prétraitement a augmenté la réactivité de surface et réduit la période d’inhibition. Une
croissance lin€aire a été obtenue seulement aprés 5 cycles. En outre, 1'oxydation
interfaciale du Si a été réduite, car la couche de SixNyH s'est avérée servir de barriére

efficace contre la diffusion de I'O et I'oxydation du Si.
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Le travail présenté dans cette thése montre la nécessité de telles approches
intégrées pour analyser les phénoménes impliqués dans I'ALD. De telles études
permettent une compréhension approfondie des mécanismes, afin de proposer des
solutions réduisant les inconvénients des premicres étapes de dépot. Elles contribuent
a ouvrir la voie pour que le procédé ALD produise industriellement des couches minces
nanométriques uniformes et conformes de grande pureté avec des interfaces abruptes,

capables de répondre aux exigences de 1’industrie électronique du futur.
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Chapter 1: Atomic Layer Deposition: Principles,

concept and challenges

The thesis is focused on the ALD of alumina from TMA and H-O, for potential
application as a gate oxide in a Metal-Oxide-Semiconductor Field Effect Transistors
(MOSFET) structure. With the miniaturization of the microelectronic devices (Kingon
et al., 2000) and hence of the MOSFETS, the required thickness of the gate oxide on
the semiconductor (Si) is reduced down to some nanometers. Besides all the advantages
that ALD presents, the deposition of metal oxide layers on Si with a thickness of some
nanometers is problematic, since the initial deposition occurs under the form of
discontinuous islands, while a non-abrupt and an interface with Si is formed with Si
that damages the dielectric properties of the deposited structure (Schiliro et al., 2015,

Forst et al., 2004).

The TMA+H20 process is considered as a “model system” for ALD (George,
2010), and is the most widely studied one (Puurunen, 2005). Although this system is
considered as ideal once the ALD regime is attained, the surface mechanisms and their
competition are not yet well understood. Furthermore, the deposition on large area
wafers introduces difficulties for the deposition uniformity, related to reactor and
process design parameters. The Si surface also affects the deposition during the first
stages. The initial deposition is inhibited on Si (Puurunen et al., 2004), while the
interface formed between the Si substrate and Al>Oz damages the dielectric properties

of the film.

This chapter consists in a bibliographic survey of the ALD process. The basic

principles of ALD in general, its advantages and drawbacks, as well as the challenges
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in the field of ALD are presented. The particular case of alumina ALD from TMA and
water on silicon (Si) is presented, and the relevant literature is analyzed. Finally, the
necessity of computational modelling of ALD processes is discussed. The relevant
literature works and the challenges remaining to be answered are presented and

analyzed.

1.1. The Atomic Layer Deposition process

1.1.1 Basic principles

ALD, introduced as Atomic Layer Epitaxy (Suntola and Antson, 1977) or
Molecular Layering (Aleskovskii and Koltsov, 1965), is a sub-category of CVD
techniques. Instead of exposing the surface to be covered to a permanent gas mixture
of reactants, as in traditional CVD, ALD is based on the sequential use of self-
terminating gas—solid reactions (Puurunen, 2005), which are called half-reactions of the
process. The ALD process consists of repetitive sequences of half-reactions, called
ALD cycles, which lead to the deposition of the desired film Most ALD processes are
based on binary reaction sequences, where the two surface reactions are self-limiting
(George, 2010).. A typical ALD cycle consists of the following characteristic four steps,

and is schematically presented in Figure 1.1 (Puurunen et al. 2005):

1. A self-terminating reaction of the first reactant (Reactant A)

2. A purge or evacuation to remove the non-reacted reactants and the gaseous

reaction by-products.

3. A self-terminating reaction of the second reactant (Reactant B)
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4. A purge or evacuation to remove the non-reacted reactants and the gaseous

reaction by-products.
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Figure 1.1. Schematic representation of an ideal ALD cycle (Puurunen, 2005)

The above four steps, when performed sequentially, constitute an ALD cycle.

During the first and third step, the reactants are injected in the reactor chamber, and are

38



referred to as pulse or exposure steps, each corresponding to a half-reaction step. These
exposure steps are often in the order of tens of miliseconds, for the ALD processes
under high vacuum. However, exposure steps of some seconds can be used for high
pressure ALD processes, or for deposition on large area wafers or trenched surfaces.
Each cycle consists of two half reactions, leading to the formation of a monolayer of
the deposited material. During a reactant exposure, the gas phase precursor must react
with the surface species, through reactive sites on the substrate surface. The process
continues until all reactive sites are covered. However, the reaction must not produce
surface sites where chemisorption of the same gas phase reactant can occur. In this way,

multi-layer deposition is averted

During the second and fourth step, the reactor chamber is purged with inert gas
to remove gas-phase byproducts and unreacted precursors, and are called purging steps.
These steps ensure a layer by layer deposition. The purging steps can last for tens of
seconds, especially for low temperature processes, where the desorption of adsorbed
reactants from the reactor walls is slower. If the second reactant is injected in the reactor
while the first one is not completely purged, gas phase reactions may take place and
lead to the deposition of more than a monolayer per ALD cycle. Hence, the self-

terminating nature of the reactions is ensured by an effective purging step.

The advantages of ALD are derived from the self-saturating nature of the gas-
surface reactions. The conformality of ALD-deposited films is often the critical factor
in choosing ALD over competing deposition techniques such as CVD or sputtering
(Johnson et al., 2014). Although ALD has a lower throughput and is less cost effective
than CVD, its monolayer thickness control, higher conformality and its ability to
deposit pinhole-free quality films has made ALD the favorable technique for the
production of nanometric films, especially for microelectronic applications.
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Conformality of the deposition in high aspect ratio structured materials is made possible
by the self-limiting characteristics of ALD, which restrict the reactions at the surface to
no more than a monolayer. CVD may suffer from less perfect film thickness control,

uniformity and conformality due to faster surface reactions, (Johnson et al., 2014).

A second advantage of ALD is the thickness control of the deposited thin films.
Each reaction cycle adds a given amount of material to the surface, referred as the
growth per cycle (GPC). Ideally the GPC is the same for all cycles, hence leading to a
linear relation between the deposited film thickness and the number of ALD cycles, as
shown in Figure 1.2. Hence, to deposit a thin film, ALD cycles are repeated until the
desired thickness is reached (Puurunen, 2005). The GPC for many ALD films has been
summarized in previous reviews (George, 2010) (Puurunen, 2005) and is typically some

Alcycle, depending on the process.

GPC
Thickness

ALD Cycles ALD Cycles

(a) (b)

Figure 1.2. a) GPC and b) Thickness evolution as a function of ALD cycles for an

ideal ALD process

General requirements of reactants used in ALD are that they must be volatile
(either at room or elevated temperatures), and thermodynamically stable at the ALD
processing temperatures. Furthermore, the gas—solid reactions of the reactants with the

surface have to fulfill the criterion of self-termination and irreversibility (Puurunen,
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2005). A wide number of materials have been deposited by ALD, using different
reactant systems. A detailed overview on the classes of materials that have been
deposited can be found on the reviews of S.M. George (George, 2010) and R.L.

Puurunen (Puurunen, 2005).

Due to the advantages described above, ALD is able to produce high quality thin
films with a unique thickness control and a high composition purity. Its ability to
deposit conformal films on large area substrates (Fryauf et al., 2018), powders and
nanoparticles (Adhikari et al., 2018), as well as on surfaces with high aspect ratio
features (Ritala et al., 1999) makes it an adequate technique to produce thin films for a
wide variety of applications such as microelectronics, , nanophotonics (Ponraj et al.,
2013), photovoltaics, fuel cells, batteries and OLEDs (Johnson et al., 2014)( Munoz-

Rojas et al., 2019).
1.1.2 ALD process windows

Although ALD has considerable advantages drawn by the self-limiting nature
of its reactions, the process conditions must be such as to allow this self-limiting aspect
to take place. Hence, a certain range of operating conditions, referred to as operating

“windows”, must be defined in order to obtain the ideal ALD growth behavior.

1.1.2.1. ALD Temperature

The ALD temperature window, often referred to as the “ALD window”, is
considered to be the most important process window of ALD. The “ALD window” is
the temperature range where the deposition rate is nearly unaffected by the temperature
(George, 2010), and usually serves as an indicator for the activation of certain surface

mechanisms. A representation of the ALD GPC behavior within the ALD window is
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shown in Figure 1.3. At lower temperatures, the reactants could condense or the surface
reactions may not be activated, thus leading to non-ideal deposition. At higher
temperature, the reactant species could decompose and allow additional reactant
adsorption, leading to multi-layer deposition during the ALD cycle, corresponding to
CVD deposition. The surface species needed for ALD could also desorb from the
surface at higher temperatures and be unavailable for additional surface reactions. Also,
desorption of adsorbed species could be activated, prohibiting the full coverage of the

surface.

Condensation Decomposition

/

Incomplete reaction

ALD window

GPC

Desorption/
Loss of surface species

Temperature

Figure 1.3. Schematic representation of the growth behavior within the ALD

temperature window

A temperature window has been determined for the various ALD systems used
for the deposition of different material films. The apparent GPC, which seems steady
within the temperature range however, does not mean that the chemistry is unaffected
by temperature. Different simultaneous and even competing mechanisms take place

during ALD, which are progressively activated by the increase of temperature. For a
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thorough and detailed understanding of the surface chemistry, all of these mechanisms
owe to be studied. Due to the short time and space scales, this investigation is
experimentally challenging, making theoretical and computational studies an

indispensable tool in the research field of ALD.

1.1.2.2. Exposure time

The first step of the ALD surface mechanisms is the adsorption of the precursor
molecule on the surface. Depending on the energy barrier needed, adsorption can be
divided into physisorption (physical adsorption) and chemisorption (chemical
adsorption). As physisorption is always reversible, whereas chemisorption can be either
reversible or irreversible, the requirement of irreversibility restricts the type of

adsorption to irreversible chemisorption, for ALD applications (Puurunen, 2005).

The surface saturation can be caused by two factors: steric hindrance of the
ligands or the number of reactive surface sites (Puurunen, 2005). In any case, the
reactant pulse duration must be long enough in order to achieve saturation of the
surface. Shorter pulse times lead to smaller GPC, but also to non-fully covered layers,
and the layer by layer deposition is not achieved. If the pulse times are longer than
needed to achieve saturation, then the reactant consumption is uselessly increased. The
three different behaviors of the GPC as a function of the exposure time are shown in

Figure 1.4.
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Figure 1.4 GPC as a function of reactant exposure time

The exposure times required for saturation in ALD are usually short, for the
deposition on planar, low surface area substrates. The fast kinetics of the surface
reactions lead to the duration reactant pulses in ALD being less than one second long
(Elam et al., 2002). However, for conformal deposition on high aspect ratio structures
or on particles, the exposure times are longer, as the reactants need to diffuse and

deposit on the surface features (Van Bui et al., 2017).

1.1.2.3. Purge time

The purge time is a central parameter in ALD. It must ensure the removal of all
the reactants of the previous exposure steps, as well as the byproducts of the surface
reactions. If the purge step is not efficiently performed, the subsequent reactant
exposure step would lead to the simultaneous presence of both reactants in the gas
phase, leading to CVD reactions. The self-limiting, layer by layer nature of the film

deposition is hence dependent on the efficiency of the purge step.

The purging step is performed by a flow of inert gas through the reactor. The
duration of this step is critical for its efficiency. When the purge time is sufficient for
the removal of all the residual gas phase species, further increase of the purging time
does not affect the deposition. However, as the purge time is usually the slowest step

of the ALD process, a longer purge than required increases the processing time, and
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thus reduce the process throughput over time. The purging time effect on the GPC is

shown schematically in Figure 1.5.

Purge time = Minimum purge time Purge time < Minimum purge time Purge time > Minimum purge time
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Figure 1.5. Effect of purging time on the GPC

1.2.2.4. Process pressure

Pressure is a factor usually undermined in ALD processes (Van Bui et al.,
2017). Nonetheless, the reactant partial pressures and the total pressure effects have to
be studied in order to get a detailed insight of the ALD process. The partial pressure
generally plays a major role on the equilibrium coverage of reversible adsorption
processes. However, for the irreversible chemisorption processes on which ALD is
based (Puurunen et al.), even low partial pressure of reactants can lead to full coverage
of the surface, given enough exposure time. Furthermore, low pressure facilitates
species diffusion, thus leading to more uniform concentrations within the reactor.
Nevertheless, an adequate choice of reactant partial pressures may lead to shorter

reactant pulses, thus optimizing the process.

The choice of the total pressure in ALD processes is usually based on process
scale-up aspects rather than on surface chemistry (Van Bui et al., 2017). Most
conventional ALD reactors operate under reduced pressure because this facilitates the

purge step (Van Bui et al., 2017). Operating in high pressure increases the minimum
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purging step duration, and thus the processing time. However, operating at higher and
even atmospheric pressures can yield significant advantages, such as lower equipment
cost and complexity, as well as a wider range of precursor partial pressures to be used,
which can be suitable for the deposition on high-surface-area surfaces (Van Bui et al.,

2017).

1.1.3 Effect of the substrate nature

Although the film GPC during ALD is considered constant, with a monolayer being
deposited in each cycle, the actual deposition is more complex. The substrate nature
has a significant impact on both the initial ALD nucleation and growth and on the
composition of the deposited film, leading to the formation of interfaces between the

substrate and the deposited material.

1.1.3.1. Effect on the initial deposition steps

The ALD deposition modifies the chemical nature of the surface. The first ALD
cycle occurs on the surface sites of the original substrate species, while during the
following cycles deposition takes place on a surface with both the original substrate
sites and the ALD-formed sites (Puurunen, 2005). Once the ALD film covers the whole
surface, subsequent deposition occurs only on the ALD sites where ideal ALD behavior
is obtained. Hence, the deposition depends on the nature and the number of surface
sites. The initial deposition steps can be classified in four categories (Puurunen, 2005),

which are schematically represented in Figure 1.6:
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» Linear growth: The GPC is constant, and the film thickness is linear as a function
of the number of cycles, from the first cycle onwards. This happens when the
reactivity and number of surface reactive sites are the same on the initial substrate
surface and the already grown ALD material. Such behavior has previously been
observed for CrOx ALD on y-Al,O3 (Kytokivi et al., 1996, Hakuli et al., 2000),
HfO2> ALD on chemical Si oxide (Green et al., 2002) and plasma enhanced AIN
ALD on Si (Van Bui et al., 2015).

» Substrate enhanced growth: In this growth mode, the GPC is higher in the first ALD
cycles, and then decreases to a constant value, as the process attains linear growth.
This can be due to a higher reactivity or number of reactive sites on the substrate
than on the ALD grown film. Such growth has been reported for the ALD of HfO>
on Ge (Delabie et al., 2005), and Ti ALD on various metal surfaces (Kim and
Rossnagel, 2002).

» Substrate inhibited growth, Type 1: This growth mode presents a lower GPC during
the first ALD cycles, which increases until linear growth is obtained. This behavior
is due to the lower reactivity or number of sites on the substrate than on the ALD
film. HfO> ALD on H-terminated Si has shown such behavior (Green et al., 2002).

» Substrate inhibited growth, Type 2: This growth mode also begins with a reduced
growth during the first ALD cycles, but then exhibits a maximum, before slightly
decreasing to the steady GPC. This behavior is assigned to island growth (Volmer—
Weber growth) of the ALD film. In this regime, the new material preferentially
deposits on and around already deposited material, thus forming islands. The islands
then coalesce, forming a continuous film. Such behavior has been observed for the

ALD of Al;O3 and ZrO2 on H-terminated Si (Puurunen et al., 2004).
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Figure 1.6. Initial deposition steps regimes: a) Linear growth, b) Substrate enhanced

growth, c¢) Substrate inhibited growth type 1, d) Substrate inhibited growth type 2.

The substrate inhibited initial growth regime presents major drawbacks. Besides
the implications it has on the film thickness control, a substrate-inhibited growth
imposes a minimum number of ALD cycles that need to be used to obtain a continuous
material layer, due to the initial induction period. Hence, the minimum continuous film
thickness is limited. If this period is long enough, this minimum thickness may be too
high for certain applications of the film, especially in nanoelectronics. Furthermore, if
the initial regime is the island growth regime, the films roughness is higher and more
ALD cycles may be needed in order for the film to smoothen. All these aspects make

the detailed investigation of the ALD mechanisms during the first cycles a necessity.

1.1.3.2. Film/substrate interface

The ideal perception of ALD envisages the material film depositing on the
substrate surface, without any physicochemical interaction between them. The actual
deposited film however, is affected by the substrate. A non-abrupt interface may be
formed between the ALD film and the substrate, as reported in published works (Figure

1.7).
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The composition and density of this interface may affect the properties of the
deposited structure, thus harming its potential applications. This is the case for the ALD
of high k metal oxides on Si substrates (Forst et al., 2004). The deposited gate oxides
form a non-abrupt interface with Si. If the deposited high k oxide has a thickness of just
some nm, which is the case in today’s MOSFETs, this interface may be comparable in
thickness with the ALD film, thus damaging the dielectric properties of the resulting
structure. This is a decisive factor for the selection of materials to replace SiO: as a

dielectric.
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Figure 1.7 TEM images of deposited films and their interfaces: a) HfO> on Si (Lu et al.,

2005), b) ZrO, on Si (Lee et al., 2009), ¢) Al.O3 on Si (Chang et al., 2004).

1.1.4 ALD at the reactor scale
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ALD is a process widely conceived to depend only on surface chemistry.
Although this may be the case for the deposition on small planar surfaces, the deposition
on one or multiple large area wafers presents more complex behavior. Within an ALD
reactor, transport phenomena dictate the flow of reactants through the chamber. These

phenomena in turn are highly affected by the reactor design and process setup.

For the deposition of uniform films on a large area wafer or on a series of
multiple wafers in a reactor, the reactant fluxes on the whole surface to be coated must
be uniform, or at least attain a minimum value which ensures full coverage of the
surface reactive sites. Furthermore, the temperature distribution must be homogeneous
along the wafer surface, as it severely affects surface kinetics. If these conditions are
not ensured, non-uniform films are deposited. The process parameters (Li et al., 2007),
the reactor design and the wafer position (Pan et al., 2015) can thus affect the uniformity

of the deposited films (Henn-Lecordier, et al., 2011, Salami et al., 2017 ).

Besides the desired uniformity of the films, the ALD process is affected by the
reactor setup in terms of cost. Longer exposures are required for the deposition on large
area substrates or multi-wafer reactors (Pan et al., 2015, Mufioz-Rojas et al., 2019). The
required purge time is also increased (Munoz-Rojas et al., 2019). Reactants adsorb on
the larger walls of the reactors, and need time to desorb and be purged from the chamber

during the purge time.

All the above aspects reveal the necessity to study the ALD process not only in
terms of surface chemistry, but also in terms of interplay of the surface mechanisms
with the transport phenomena taking place inside the reactor. The reactor design and

process setup, as well as the reactant flows must be thoroughly studied and understood.
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This is necessary in order to optimize the ALD process both in terms of quality of the

deposited film, but also in terms of throughput and cost, for its industrial application.

1.2. ALD of Al2O3

1.2.1. Overview

Al>O3 is awidely used thin film material. Depending on its crystallization phase,
it can serve as a protective diffusion (Bae et al., 2013) or thermal barrier (Wang et al.,
2016) and as a catalyst (Marturano et al., 1997). Its stability, favorable thermal
conductivity, hardness, and low refractive index make it a technologically promising
material in optics, machinery, batteries, and microelectronic applications (Houska et
al., 2012, Shi et al., 2018). Furthermore, Al2O3 is a favorable candidate to replace SiO>
as a high-k layer. Its higher dielectric constant and similar band gap make it an
appropriate dielectric material for microelectronic applications (Renault et al., 2002).

All the above have made Al,O3 one of the most studied materials in the field of ALD.

Over the last decades, numerous works have investigated the ALD of Al.O3
(Fan and Toyoda, 1993). Early works presented investigations on the self-limiting
nature of the deposition process (George et al. 1996), characterizations of the deposited
material (Ritala et al., 1996), and the identification of the surface reactions (Dillon et
al., 1995). Due to requirements for the deposition of thinner gate oxides films and the
interest for a replacement for SiO: as a high k oxide layer, the deposition of Al>Os films
by ALD was a subject of many works (Elam et al., 2002, Juppo et al., 2000). The

surface chemistry (Wind et al, 2010), the initial steps of deposition (Puurunen et al.,
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2004) and the deposited film composition and dielectric properties have been the

subject of such works (Renault et al., 2002)(Park et al., 2001).

Al>Oz has been deposited using a variety of different reactant systems. The most
common metal precursor is AI(CHz)z (Tri-methyl Aluminum, TMA) (Puurunen, 2005).
AICI3 has also been used as the metal precursor (Ritala et al., 1996). Less cited
precursors include tris(diethylamino) aluminum (Katamreddy et al., 2006) and
Aluminum Triisopropoxide (Tai et al. 2019), among others. For the oxygen reactant,
the most common is H>O (Puurunen, 2005). Other oxidants have been used, namely
D20, Oz, O2 plasma and O3 (Frank et al., 2003)(Ha et al., 2005). In this thesis, the study
is focused on the ALD of Al>Oz using TMA and H,O as metal precursor and oxygen

source, respectively.

1.2.2. Al;,O3 ALD from TMA and H;0O

1.2.2.1. General description

The ALD of Al;O3 using TMA and H20 has been considered as a “model”
process for thermal ALD (George, 2010). Both reactants are volatile and thermally
stable over a range of temperatures (<300°C), thus fulfilling the criteria as an ALD
reactant (Puurunen, 2005). The reactions are self-terminating, while the by-product
(CHa) is inert. The surface chemistry of TMA+H>0 and the ALD process have been
widely studied, both experimentally (Ott et al., 1997)(Vandalon and Kessels, 2016)
(Vandalon and Kessels, 2017), as well as with the usage of Density Functional Theory

(DFT) calculations (Widjaja and Musgrave, 2002)( Halls and Raghavachari, 2004).

52



The high reactivity of the reactants and the self-terminating nature of the surface
reactions lead to the deposition of conformal films of high compositional purity, with a

high control over the deposited thickness.

Figure 1.8 summarizes some characteristic literature results for this system. The
self-terminating nature of the surface reactions (Figure 1.8a) is shown by the GPC
behavior as a function of the reactant exposure, where the GPC reaches a maximum
and remains unaffected with further increase of the exposure time. This leads to a linear
thickness evolution as a function of the number of cycles once the ALD regime is
attained (Figure 1.8b). The growth behavior within the ALD temperature window
(Figure 1.8c) is shown by the GPC evolution as a function of the process temperature.
The GPC is initially low and increases with the temperature, where it remains almost
unchanged for a range of temperature values. Further temperature increase after a
certain point leads to a decrease of the GPC, due to the decrease of the number of
reactive surface sites (OH) and the activation of the reactant desorption from the
surface. The high conformality and step coverage of the deposition on surface features
is displayed in Figure 1.8d, validating the choice of ALD as the appropriate technique

for conformal deposition in trenched surfaces.

The wide variety of published works and data on this system makes it a good
choice to be used as a landmark for the study of fundamental or non-understood aspects

of high-k metal oxide ALD on Si.
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Figure 1.8. Representative literature results for the ALD of Al,O3 using TMA and
H->0. a) GPC vs reactant exposure time (Elam et al., 2002), b) Thickness vs number
of cycles (Ott et al., 1997), ¢) GPC vs temperature (Ott et al., 1997), d) Conformal

Al;0O3 ALD films on trenched surface (Ritala et al., 1999)

1.2.2.2. Surface chemistry

The surface mechanisms involved during the TMA + H>O ALD have been
identified and widely reported in the literature. In this section, the surface chemistry is
summarized. It is important to note that this section deals with the surface chemistry
during the “ideal ALD regime”, where the GPC is constant and linear thickness as a
function of the number of ALD cycles is obtained. During this regime, the deposition

occurs on already deposited Al>O3.
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The overall reaction is:

2Al(CH3)3+3H20 — Al>03 + 6CHa4 (R1.12)

The reactions involved for each exposure step are detailed below.

TMA exposure:

The Al>Oz surface is covered with OH groups, which are the reactive surface
sites for the TMA reactant. During the TMA exposure, TMA chemisorbs on surface

OH groups as follows:

Al(CHz3)3(g) + N OH(s) — AI(CH3)3n(s) +n CHag) (R1.2)

The above chemisorption mechanism leads to a surface covered by Al(CHz)x

species. The reaction is considered irreversible, as CHs desorbs from the surface.

H20 exposure:

During the water pulse, the methyl-terminated surface generated by the previous
TMA step of the cycle, is exposed to H,O vapor. The H.O molecules adsorb on the

DMA species:

Al(CH3)x(s) + X H20(g) — AI(OH)x + X CHa(g) (R1.3)

After the H>O exposure, the surface is thus terminated by surface OH groups. Hence,
the subsequent TMA exposure takes place on a surface of the same chemical nature as

in the previous cycle, as the starting surface is regenerated.
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However, the above representation of the surface chemistry overview is rather
simplistic, as more phenomena actually contribute to the deposition. The detailed
surface mechanisms along with the surface reactions, are presented in detail in Chapter

3.

The surface chemistry of TMA+HO ALD is summarized and schematically

represented in Figure 1.9.

Figure 1.9. Schematic representation of the detailed surface chemistry of Al,Osz ALD

from TMA and H2O (Fiji F200 installation and use manual, 2009).

1.2.2.3. Reaction self-termination

As previously discussed, the self-limiting nature of the reactions has previously
been demonstrated. The factors that cause this saturation are an important aspect of the
ALD chemistry, as they ensure the high control over the deposited material during each

ALD cycle.

During the TMA exposure, two decisive factors can lead to saturation: the steric

hindrance of ligands and the concentration of surface reactive sites. The CHz ligands of
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TMA can occupy area for deposition, thus limiting the deposition of further TMA
molecules to a maximum (Puurunen, 2005). Furthermore, as TMA chemisorbs on OH
sites, the surface concentration of those OH sites limits the amount of Al that can be
deposited on the surface. The surface OH concentration during the ALD process, in
turn, depends on the process temperature. It has been shown that a linear decrease of
the OH reactive sites occurs with the increase of temperature (Haukka and Root, 1994).
The decrease of the GPC at higher temperatures in the ALD of Al>Os from TMA and

H20 has been attributed to this behavior of the OH groups (Puurunen, 2005).

For the H20 exposure, the molecules chemisorb on the surface Al(CH3)x species
and react producing CHa, leaving the surface terminated by AI(OH)x. The factor
causing saturation for the H2O exposure is the number of surface CHz species. Once all
the methyl groups are replaced by OH groups and CHa is desorbed, further reactions of
H20 do not take place. However, further adsorbed H.O may be adsorbed on the alumina
surface. This excess H.O must be desorbed and removed during the purging time, in
order to ensure the layer by layer deposition in ALD. Such parasitic reactions with
adsorbed water that has not been totally removed during the purge have previously been

reported to lead to non- uniform films (Henn-Lecordier et al., 2011).

1.2.2.4. Challenges

Although the TMA/H20 ALD process has been the subject of numerous works
in the past decades, there are some aspects of the surface chemistry which are not well
understood. The “ALD temperature window” for the TMA/H20 can have a complex
behavior, as shown in Figure 1.8c. Using pre-determined reactant exposures, the
deposition is limited at lower temperatures. An increase of the process temperature

leads to GPC increase where it remains more or less stable before decreasing at higher
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temperatures. The identification of the exact reaction mechanisms that lead to this
behavior and their quantification is still an open question. Recently, the works of
Vandalon and Kessels, dealing with these aspects, re-opened the discussion for the
surface mechanisms of TMA/H.O ALD. Using a broadband sum-frequency generation
(BB-SFG) study, they showed that the deposition is limited at low temperatures due to
the low reactivity of H2O towards certain persistent CHs surface species (Vandalon and
Kessels, 2016) (Vandalon and Kessels, 2017). Their results are presented in Figure

1.10.

Figure 1.10a shows that the TMA initial reaction probability is independent of
temperature. This means that negligible or no thermal activation is involved in the
surface kinetics during the TMA exposure. This is not the case for the H2O reactions,
as shown in Figure 1.10b. The initial reaction probability increases with temperature,
which shows that in low temperatures the reactions with certain CHz groups are not
activated. With the increase of temperature, the reactions are activated and H-O reacts
with the surface CHz coverage. This is also shown in Figure 1.10c, where the fraction
of the CH3 surface groups remaining unremoved after the H>O exposure is plotted as a
function of temperature. Results show that although 60% of the surface CHz groups is
unremoved at 100°C, the totality of CHz groups is removed at 300°C, thus validating
the thermal activation of the H>O reactions shown in Figure 1.10b. Although this
analysis provides information regarding the presence of some persistent CHz groups on
the surface at low temperatures, the identification and quantification of those CH3

groups need to be studied more thoroughly.
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Figure 1.10. Results from the BB-SFG study of Vandalon and Kessels.
Temperature dependence of the reaction cross section (left hand axis) and the initial
reaction probability (right hand axis) for the a) TMA and b) H20 half-cycle. Panel (c)
shows the fraction of —CHs groups persisting after the H.O exposure as a function of

temperature (Vandalon and Kessels, 2016).

The surface kinetics during TMA/H20 ALD are also yet to be thoroughly
discussed. This is of major importance as the time scales of the surface mechanisms
dictate the required exposure times. The scaling-up of this process for large area wafer
or multi-wafer reactors, as well as for the coating of particles in fixed or fluidized bed
reactors is dependent on those times. Hence, the understanding of those kinetics are

crucial for the industrial applications of TMA/H20 ALD in large scale.

Finally, as presented in section 1.2.2.2, the surface mechanisms (adsorption,
desorption and surface reactions) involved are not simple. Once the reactants are

adsorbed on the surface, they can either desorb or react with the surface reactive species.
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These are two competing mechanisms that take place simultaneously. The
understanding and quantification of these mechanisms, the identification of the
prevailing ones, and the effect that process parameters can have on this competition of
surface phenomena will ensure a higher control over the surface chemistry. This fine
tuning of the surface chemistry may help solve the non-ideal aspects of the ALD

growth.

1.2.3. TMA/H,0 ALD on Si

As discussed in section 1.2.3, the substrate nature has an impact on the ALD
chemistry, in particular for the ALD of Al,O3 from TMA and H20. The deposition has
been studied on various types of substrates, including semiconductors, metals, as well
as polymers (Delabie et al., 2012)(Gong et al., 2011) (Foroughi-Abari and Cadien,

2012).

1.2.3.1. Initial growth

The ALD of Al,O3 from TMA and H20 on Si is substrate inhibited. The
classical Si substrate pre-treatment is made in a liquid HF bath in order to remove the
native oxide, leaving the surface terminated by Si-H species. This surface termination
is unreactive towards both reactants. Frank et al. have confirmed this low reactivity
using in situ infared (IR) spectroscopy (Frank et al., 2003). It has also been confirmed
by computational studies using DFT (Halls and Raghavachari, 2003) (Lin and
Teplyakov, 2013). The reactions on the H-Si surface were found to have a very high
energy barrier, thus explaining the non-reactivity of the surface.
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The ALD nucleation hence initiates on surface defects, such as unremoved O
bridges or OH species from the HF pre-treatment (Frank et al., 2003). The activation
energies for TMA deposition on Si-OH groups have been studied by DFT and are found
to be much lower than on the Si-H surface (Lin and Teplyakov, 2013), comparable with

the activation energies on already deposited Al-OH (Widjaja and Musgrave, 2002).

Once TMA deposition occurs on these defects, subsequent reactions of H>O are
facilitated. During the next cycles, the reactivity on already deposited Al2Os is
significantly more favorable than on H-Si. This leads to preferential deposition on and
around already deposited material, leading to island-like growth (Volmer—Weber
growth). This growth mode has been studied both experimentally (Puurunen et
al.,2004) (Mack et al., 2006), as well as with the use of computational models
(Puurunen and Vandervorst, 2004) (Nilsen et al., 2007). The island-like, substrate
inhibited growth mode on H-Si has been reported for the ALD of other oxides as well,
showing that it is a more generalized drawback of ALD, not only for the deposition of

Al>03. Characteristic results from published works are presented in Figure 1.11.
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Figure 1.11. Island growth during the ALD of oxides on Si: a) Al2Os, 15 cycles
(Puurunen et al.,2004), b) ZrOz, 60 cycles (Puurunen et al.,2004), ¢) RuO2, 700 cycles
(Salaiin et al., 2011)

1.2.3.2. AlL,Oj3 interface with Si

Besides its effect on the initial deposition steps, the Si substrate also affects the
composition of the deposited film. Notably, a non-abrupt interfacial layer is formed
between the deposited Al,Oz film and the Si substrate. Although this interfacial layer
has been the topic of research works over the past years, its exact composition and its

formation mechanisms have yet to be defined concretely.
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The choice of the oxidizing reactant has an impact on the formation of this layer.
Haetal. (Ha et al., 2005) have shown that the thickness of this interfacial layer is lower
when H2O is used as the oxidant source, than when using O plasma or Os. Nonetheless,
the interfacial layer is formed even when H»O is used as a reactant (Renault et al., 2002)
(Naumann et al., 2012). Its thickness is 1-2 nm (Werner et al., 2011)(Kaur et al., 2017).
Post deposition thermal annealing has also shown to increase the interfacial oxidation,
showing a temperature dependence for the mechanisms involved (Chang et al., 2004).
Finally, an increase of the oxidizing reactant flows and exposure time enhances the
interfacial layer formation (Kuse et al., 2003). Characteristic TEM images of the

interfacial layer from published research works are presented in Figure 1.12.

Snm

(b)
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Figure 1.12. Characteristic TEM images of the interfacial layer grown from
Al;0O3 ALD on Si: a) Kaur et al. (Kaur et al., 2017), b) Chang et al. (Chang et al., 2004),

c) Werner et al. (Werner et al., 2011).
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The AIl20s/Si interfacial layer consists mainly of oxidized Si, in various
oxidation states (Renault et al.,2002). Al-silicates, hydrogen and carbon have also been
reported to be present within the layer (Renault et al.,2002)(Gosset et al., 2002)(

Schiliro et al., 2015).

One of the interfacial layer formation mechanisms has been suggested to be the
Si oxidation by H2O during the initial island growth regime, where the surface is not
totally covered by the ALD film (Naumann et al., 2012). Although the initial Si surface
is non-reactive towards H-O, the presence of Al catalyzes the Si oxidation (Frank et al.,
2003) (Lim et al., 2000). Once the ALD film is continuous, interdiffusion and reaction
of species occurs, thus leading to further formation of the interfacial layer (Naumann et
al., 2012)( Schiliro et al., 2015). Furthermore, non-removed H>O impurities during the
purging time can lead to non- ideal reactions that can contribute to the formation of the

interfacial layer (Halls et al., 2003).

1.2.3.3. Challenges

The initial growth inhibition and the interfacial layer formation during the ALD
of Al>Os on Si are two significant drawbacks for the deposition and applications of
ultra-thin films by ALD. Even for the “ideal process” of TMA/H20 ALD, an induction
period corresponding to island growth, and a non-abrupt interface is obtained on Si.
Puurunen et al. have shown that a continuous ALD film is obtained after 20-30 ALD
cycles (Puurunen et al., 2004). This would imply that the number of cycles used for
Al>Oz film deposition is restricted to a minimum for the production of continuous films.
Furthermore, due to the island growth mode, the film has a certain roughness, and a
higher number of ALD cycles is needed in order to obtain smoother films, with the

island coalescence (Nilsen et al., 2007). The above aspects of the initial growth make
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the deposition of nanometric films with a thickness less than 2 nm a challenge which
needs to be overcome for the effective use of such films for microelectronic

applications.

The interfacial phenomena taking place lead to the formation of a layer with a
lower dielectric constant, as well as non-ideal leakage current, interface trap density,
minority carrier lifetime and lower thermal stability (Groner et al., 2002) (Kaur et al.,
2017) (Chang et al., 2004). This shows that the formed interfacial layer has a damaging
effect for the applications of ALD Al>Os films of a very low thickness, such as high-k
oxides for MOSFETSs. Hence, both the initial growth induction period, as well as the
formation of the interfacial layer must be restricted for the deposition of functional ALD

films with a thickness of some nanometers.

One of the ways to restrict these two phenomena during the ALD of Al>Oz on
Si, is the Si surface pre-treatment prior to deposition. Such pretreatments can effectively
change the reactivity of the initial surface, thus enhancing the initial nucleation and
growth. This initial enhancement can also lead to the restriction of interfacial

phenomena and Si oxidation, as no more island growth takes place.

Previous studies have developed such pre-treatments for the Si surface prior to
the ALD of Al20Os. Si-OH surface termination has been realized by exposing the H-
terminated Si to Clyg (Damlencourt et al.,2003)(Lee et al., 2004), or by dipping in a
H202:HCI solution (Kaur et al., 2017). This surface termination was used to increase
the reactivity of the substrate, thus leading to the suppression of the initial induction
period observed on Si-H (Kaur et al., 2017)(Damlencourt et al.,2003)(Lee et al., 2004).
A long exposure of the Si surface to TMA (3600 s) prior to ALD has been reported to

lead to an enhanced nucleation and growth during the first cycles, as well as to a
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suppression of the interfacial Si oxidation (Frank et al., 2003)(Xu et al., 2006). The
chemisorption of TMA over the whole surface during the initial long exposure leads to
the formation of a monolayer. During subsequent deposition, no island growth takes
place, and hence the Si oxidation is limited. However, this pre-treatment exhibits
experimental and technical difficulties as it involves the exposure of TMA inside the
chamber with no pumping for a long period of time (3600 s). No oxygen leak must take

place during this time period, which is very challenging.

The substrate pre-treatment by NH3z or NHz plasma has shown comparable
effects on the reduction of the induction period and the interfacial layer formation
(Brewer et al., 2004)(Lu et al., 2007). Brewer et al. have used a thermal N2>-NHz pre-
treatment prior to deposition and have shown an increase in the deposition during the
initial steps using infared spectroscopy (Brewer et al., 2004). Lu et al. have performed
an ex situ NHs plasma pre-treatment, which exhibited an increased ALD deposition
during the initial steps (Lu et al., 2007). Xu et al. have compared Al.O3 films deposited
by ALD on Si surfaces pre-treated ex situ by NHsz plasma and long TMA exposures
prior to deposition, in terms of thermal and electrical properties (Xu et al., 2006).
Although both pre-treatments resulted to enhanced initial growth and restricted
interfacial layer formation, the films on NH3z plasma pre-treated Si exhibited better

thermal stability and lower leakage current.

1.3. Computational modelling of ALD processes

66



1.3.1. Modelling as a powerful tool for ALD

As discussed in the previous sections, complex physical and chemical
phenomena take place during the ALD process that dictate the film GPC and
composition. Hence, a thorough understanding of these phenomena is required, so as to
be able to fine tune the ALD process, in order to deposit uniform, conformal films with

high composition purity and thickness control, with abrupt interfaces.

Although experimental measurements can reveal the fundamental reactions
taking place, the detailed information on surface chemistry mechanisms and their
interplay with other phenomena is very difficult to extract. Furthermore, the different
time scales for the phenomena involved within a reactor are also a limiting factor for
experimental studies. The transport phenomena inside an ALD reactor, such as
diffusion and convection of reactants can be in the range of seconds or minutes, while

the surface reaction in typical ALD processes are in the order of some milliseconds.

There are also different space scales involved in ALD. The reactant gas flows
take place inside an ALD reactor, with dimensions ranging from cm to m. In the same
time, the reactant diffusion and deposition occurs on surface features, such as trenches,
which range from nm to um. The nano-morphology of the film may be in the same
scale. Finally, the reactions take place between gas phase and surface sites, hence in the
atomic scale. This is another factor that limits the experimental analysis when studying

the different mechanisms during ALD.

In this context, physical based mathematical modelling has emerged as a
powerful tool for the thorough study and understanding of the ALD process. These

models can study the different mechanisms and their effects on the film deposition.
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Using such a computational framework, it is possible to identify reaction mechanisms,
test the validity of certain chemical reaction schemes, as well as determine optimal
process windows. Computational models can be developed for the different spatial
scales of interest of the ALD process. These models may also be coupled through the
exchange of computational information, thus leading to multiscale computational
frameworks. Such approaches can link film properties at the nanoscale, such as film
roughness or step coverage, with controllable process conditions at the reactor scale,

such as temperature or gas flows.

1.3.2. Modelling at micro, nano, and atomic scales

As the ALD process is conceived as a process based on surface chemistry, the
nature of the surface mechanisms and reactions taking place during the deposition
process is one of the most important aspects of ALD. The detailed identification of the
individual chemical mechanisms is performed with computational models using DFT
calculations results. Numerous works have investigated the ALD reactions for various
reactant systems (Lin and Teplyakov, 2013)(Widjaja and Musgrave, 2002)(Elliott and
Greer, 2004)(Halls and Raghavachari, 2004). Using such models, it is possible to
identify different mechanisms and reaction paths that are thermodynamically favorable.
Furthermore, activation energies using transition state theory can be obtained for the

different reactions, which reveal the kinetically favored reactions.

The activation energies obtained from DFT calculations can then be used to
investigate the reaction kinetics. They can be studied using surface kinetic models,

which can include a large number of reactions. From these models, computational
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predictions of the GPC can be obtained (Travis and Adomaitis, 2013,2014). The
limiting mechanisms under different conditions can be identified and the competition
between surface phenomena may also be studied (Remmers et al., 2015)(Adomaitis,

2015).

Using a validated mechanism, the evolution of the film nucleation and growth
can be studied using stochastic approaches. Kinetic Monte Carlo (kKMC) models for the
film thickness evolution and morphology on a surface lattice have been used for the
ALD of Al>Osfrom TMA and H>O (Mazaleyrat et al., 2005) and for the ALD of HfO>
(Shirazi and Elliott, 2014) (Dkhissi et al., 2009). These models can analyze the effects
of multiple detailed events on the film nucleation and growth at the atomic scale. Such
models can also provide information about the nano-morphology of the film, such as
surface roughness (Dkhissi et al., 2009)( Neizvestny et al., 2006). Using a combined
experimental and computational approach with such kinetic models, it is possible to
derive and validate chemistry schemes, as well as examine new reaction mechanisms

and pathways, in connection with experimental measurements.

To study the growth during the ALD process, R.L. Puurunen developed a
random deposition model (Puurunen, 2004). The model is phenomenological, and does
not take into account surface reactions. The coverage during each cycle is predefined
and used as a model parameter. Using this model, the evolution of the deposition with
the ALD cycles, and the number of deposited monolayers can be monitored. Using such
models, film properties at the nanoscale, such as the evolution of surface roughness,

can be predicted

The initial island growth regime, occurring during the first ALD cycles, as

discussed in section 1.3.3.1 of the present chapter, can also be studied using
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phenomenological models (Puurunen and Vandervorst, 2004) or models based on
geometrical principles (Nilsen et al.,2007), for a variety of deposited materials,
including Al.O3 and ZrO». Although these models do not involve chemical reactions,
several aspects of the nucleation and growth mechanisms can be revealed. The initial
growth regime, the island coalescence, surface roughness, surface concentration of
nucleation sites, as well as the number of cycles needed to produce a continuous film
can be obtained using such models (Puurunen and Vandervorst, 2004)(Puurunen et al.,

2004)(Nilsen et al.,2007).

To study the step coverage and conformality of deposition, gas diffusion-
reaction and ballistic models have been developed for the ALD of HfO, and Al2O3
(Adomaitis, 2011)(Gobbert et al., 2002). With such computational approaches, the
effect of certain process parameters on the film deposition within surface features, such
as trenches, can be investigated in detail (Kim et al., 2007). This allows the fine tuning
of the deposition in such features, by altering controllable process parameters in the

reactor.

In this thesis, the surface mechanisms and the competition between them is
studied in detail using a stochastic KMC model, presented in Chapter 3. Its results are
presented and validated in Chapter 5. The initial growth regime is studied using a
geometrical island growth model, presented in Chapter 3. Its results are presented,

validated and analyzed in Chapter 6.

1.3.3. Modelling at the reactor scale

The modelling of ALD reactors is based on the mechanics of continuum
approach. The transport phenomena are described by a set of partial differential
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equations (PDEs). This set of PDEs consists of conservation equations for mass,
momentum, energy and chemical species. This set of equations can incorporate
expressions for reactions, either in the bulk of the reactor or on a surface. These

equations are discretized into a computational domain, and are solved numerically.

The reactor scale models can provide valuable information, about the gas flow,
pressure and temperature fields within the reactor, as well as the reactant distribution
(Deng et al., 2016) (Pan et al., 2015)(Peltonen et al., 2018). When coupled with surface
reactions, such computational approaches can reveal the link between process
parameters, transport phenomena, reaction mechanisms and film properties, such as
film uniformities (Xie et al., 2015)(Pan et al., 2015). Furthermore, with the use of such
models, it is possible to identify optimal process windows, as well as modification of
the equipment design, in order to optimize film quality and reactant consumption
(Shaeri et al.,2015)(Pan et al., 2016)(Xie et al., 2016). Reactor scale models have
previously been used for the study of CVD reactors (Gakis et al., 2015) (Koronaki et

al., 2016) (Gkinis et al., 2017).

Although such models have been used in previous research works for ALD
reactors, the actual process dynamics have not been represented in detail. The precise
simulation of the vacuum pump behavior and the reactant pulses is usually incomplete
(Pan et al., 2015)(Shaeri et al., 2015), while viscosity and diffusion coeffecients of
gases are assumed constant (Xie et al., 2015). Furthermore, the surface mechanisms
only incorporate surface reaction of gas phase species with surface sites, through one
phenomenological reaction (Xie et al., 2015) (Pan et al., 2015). In this thesis, the
process dynamics are studied in detail, while the surface phenomena such as adsorption,
desorption and reaction are all taken into account for the computational investigation
(Chapter 3).
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1.3.4. Multiscale modelling of ALD processes

As the mechanisms involved range over various length scales, ALD is by nature
a multiscale process. Hence, besides separated models dealing with only one length
scale, multiscale models can also be used for the study of the ALD process. Within a
multiscale approach, each model deals with a separate scale. The models are coupled
through the exchange of computational information, where a result from one model is
fed as input to the other. Such models have included the coupling of DFT calculations
with KMC models to study the film nucleation and growth for the growth of HfO2 on
SiO2 (Dkhissi et al., 2009), or the coupling of a kMC model to a diffusion model inside
surface features for the ALD of Al,O3 (Adomaitis, 2010). Such multiscale approaches
are more common for the study of CVD processes, where the coupling of various length
scales has been the topic of research studies (Cavallotti et al., 2005) (Cheimarios et al.,

2011) (Crose et al., 2015) (Aviziotis et al., 2016)

Summary —Conclusions

ALD is recognized as a deposition technique able to produce thin films with a
high control over the deposited layer thickness, conformality and uniformity. The aim
of the thesis is the study and thorough understanding of the non-ideal aspects of ALD
deposition mechanisms. Although ALD is considered as an ideal process, dependent
only on surface chemistry, many complex phenomena are involved during the film

deposition, in particular during the first steps. The limiting mechanisms that dictate the
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nucleation and growth must be identified, as well as their interplay with transport
phenomena inside an ALD reactor, in order to obtain uniform, conformal films of high

compositional purity.

Furthermore, the substrate has an effect on the ALD film nucleation and growth.
During the initial stages of deposition, the chemical nature of the substrate can either
enhance or inhibit the deposit, which makes the deposition of nanometric thin
continuous films challenging. Moreover, the substrate affects the composition of the
film. All these aspects of deposition must be investigated in depth, in order to suggest

ways to overcome such drawbacks.

The process of choice is Al20s ALD from TMA and H20 on Si. This ALD
system represents high k metal oxide ALD on Si, which is the thinner layer in the
constantly shrinking MOSFETs of today’s microelectronic devices. The high thickness
control needed for these dielectric layers make ALD the adequate choice to produce
such layers. The choice of this system is based on the fact that it has been the topic of
numerous published works. Although this ALD system is considered ideal, it
nonetheless exhibits the drawbacks associated with ALD chemistry and the substrate
nature. The study of this “ideal” system can lead to an integrated understanding of these
non-ideal ALD and establish guidelines to study ALD processes in a more general

frame.

The analysis in this thesis is performed using a combined experimental and
computational approach. The multiscale computational framework consists of a reactor
scale model, which investigates the transport phenomena inside the ALD reactor,

coupled with a surface chemistry model. This model is coupled to a nanoscale kMC
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model, for the detailed study of surface chemistry. Finally, the nucleation and growth

evolution during the first cycles is studied using a model based on geometric principles.
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Chapter 2: Experimental materials and methods

In this chapter, the experimental setup used for the ALD of Al>O3 films from
TMA and H20 is presented. The ALD reactor, the reactant feeding system, as well as
the heating and vacuum systems of the ALD setup are introduced and explained in
detail. The substrate cleaning and pretreatment procedures and the process conditions
used for the deposition of the Al>Os films are detailed. Finally, the basic principles of
different techniques, along with the conditions used for the characterizations of the

ALD films are presented and described in the final section of the chapter.

2.1. The ALD setup

The ALD deposition experiments were performed by E. Scheid in a commercial
Veeco® Fiji F200 ALD setup, situated in LAAS, Toulouse, France. This reactor can
coat wafers with a diameter up to 200 mm. It can be used either for thermal or for
plasma—enhanced ALD. The setup is schematically presented in Figure 2.1 (Fiji F200
Installation & use manual), while its different parts are presented in the next

subsections.

76



Plasma source

/

' Reactor chamber

|

N ‘Load lock door
.

7

NE) iy
\\

Loading chamber

Feeding
p system

L ——

Control

Figure 2.1. Schematic representation of the Veeco® Fiji F200 ALD setup (Fiji F200

Installation & use manual)

2.1.1. Reactor main chamber

The reactor main chamber consists of the reactor walls, three inlets, an outlet, a
loading door, and a wafer holder. The reactor photograph and schematics are shown in

Figures 2.2a (Fiji F200 Installation & use manual) and 2.2b, respectively.
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Figure 2.2. a) Photograph (Fiji F200 Installation & use manual), b) Schematic

representation of the reactor main chamber

The reactor main walls are made of stainless steel and are covered by a thermally
isolated heating jacket that allows the heating of the walls. The load lock door walls are
not covered by the jacket. During deposition, the load lock door connection to the
loading chamber is kept closed. The substrate holder is situated in the center of the
reactor and is heated by a heating chuck. The wafer is placed on top of the holder. The

wafer diameter can be up to 200 mm.

The reactor has three inlets, hereafter called top inlet, side inlet and loading door
inlet, as shown in Figure 2.2b. All three inlets serve a different purpose. The top inlet

is the main purging gas (Ar) inlet. For PE-ALD, this inlet is also used as the plasma
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reactant inlet. The side inlet is connected to the reactant feeding system. From this inlet,
the reactants enter the main reactor chamber, during the reactant exposure steps of the
process. Inert Ar gas is also used as a carrier gas for the reactants. The loading door
inlet is a purging gas inlet. Ar enters the reactor in the load lock region, so as to avoid
deposition within the load lock area and its walls. The Ar gas flows are all regulated
using mass flow controllers (MFCs), while the outlet of the main chamber is connected

to an Edwards® STPH301 turbomolecular vacuum pump.

2.1.2. Reactant feeding system

The reactant feeding system is connected to the reactor main chamber through
the side inlet. The feeding system consists of the reactant bottles, the ALD valves and
a tube circuit that leads to the reactor side inlet. A photograph (Fiji F200 Installation &
use manual) and the schematic representation of the reactant feeding system are shown

in Figure 2.3a and 2.3b, respectively.

During the ALD process, Ar flows continuously through the feeding system and
enters the reactor main chamber through the side inlet. During the purging steps, Ar
serves as a purging gas. During the reactant exposure steps, the ALD valves open and
the respective reactant is injected into the reactor main chamber. During these exposure
steps, the Ar flow serves as a carrier gas flow. Although the Ar flow is regulated by a
mass flow controller (MFC), the reactant flows are not. The reactant flow is dictated by
the pressure difference between the reactor chamber and the reactant bottles, as well as

the opening time of the ALD valves, which is regulated by an external control unit.
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Figure 2.3. a) Photograph (Fiji F200 Installation & use manual) and b) schematic

representation of the reactant feeding system

The reactants are stored inside stainless steel Swagelok® SS-4CS-TW-50
sample cylindrical bottles. The bottles are half-full of liquid reactants. So, they contain
both liquid and vapor phases of the reactant at its vapor pressure. The bottles may be
heated, in order to achieve higher vapor pressure of less volatile reactants. In the present
case, the TMA and HO bottles are not heated during the ALD process. Once the ALD
valves are open, the reactants are guided towards the reactor chamber through a tube

circuit. This tube circuit is heated, as shown in Figure 2.3b.

2.1.3. Reactor heating system
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The temperature inside the reactor main chamber and the reactant feeding
system is regulated using thermocouples connected to PID controllers. The tube circuit
in the reactant feeding system (Figure 2.3b) is heated using a heating jacket, to 150°C.
The Ar flow entering the feeding system is not heated, and its temperature is 20°C.
Although the reactant bottles are not heated, heat conduction from the tube circuit

heating jacket leads to a measured reactant bottle temperature of 28°C.

In the reactor main chamber, the side inlet is heated to 150°C. The reactor walls
are heated by an electrical heating jacket, to the desired temperature. The top inlet and
loading door inlet Ar flows enter the reactor chamber at 20°C. The load lock walls are
not heated, and are exposed to the atmospheric air. Finally, the substrate is heated by a
heating chuck, to the desired temperature. It is important to note that although for the
reactor walls sensors are placed in various positions on the walls, for the substrate the
thermocouple is placed at the center of the chuck. For all process recipes used, the
reactor walls were kept at the same temperature as the substrate, except from the recipe
at the maximum temperature of 300°C, where the reactor walls were kept at 270°C. This

is to prohibit gas phase decomposition of TMA (Puurunen et al., 2005).

2.1.3. Vacuum system

The reactor outlet is connected to an Edwards® STPH301 turbo-molecular
vacuum pump. For turbo-molecular pumps, the volumetric pumping speed stays
constant, for a wide range of pressures at the pump inlet. The pumping speed and base
pressure are regulated with an automatic pressure controller (APC) unit. The APC unit

consists of a heated throttling and sealing butterfly valve, installed upstream of the turbo
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pump. The ALD base pressure is regulated in advance using a Baratron® capacitance
manometer and a butterfly valve at the reactor outlet. Once the base pressure is set by
adjusting the opening of the butterfly valve, the valve opening remains fixed during the
whole process. During deposition, the outlet pressure is monitored by an Edwards
APGX-H Pirani gauge. Indeed, the capacitance manometer isolation valve is
automatically closed during an ALD recipe, to prevent deposition on the measuring
device. Hence, the only data provided during deposition is the pressure variation at the
reactor outlet measured by the Pirani gauge. This Pirani gauge is a gas dependent gauge,
which indirectly measures the pressure through the gas thermal conductivity. In the
present case, the Pirani gauge is calibrated for N2. Hence, the pressure reading is
dependent on the gas mixture composition. The base pressure for all the process recipes
used in this thesis was 0.072 Torr, as measured by the Baratron® capacitance

manometer.

2.2. The experimental procedure

2.2.1. Substrate cleaning and pretreatment

For all ALD experiments, Si(100) wafers were used as substrates. For the
investigation of thickness uniformity over large area substrates, Si wafers of 200 mm
diameter were used. For the investigations during the initial ALD cycles, 100 mm Si
wafers were used. The Si(100) wafers were cleaned by deionized (DI) water rinsing,
followed by dipping in a 5% HF solution for 1 min, in order to remove the native oxide
on the Si surface, and a final DI water rinsing. After the pretreatment, the wafer was

dried with N2 and immediately loaded into the chamber via the loading chamber, which
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was pumped out to its base pressure (10 — 10~ Torr) during 10 min, then to the base

pressure of the ALD process (0.072 Torr) with Ar nominal flows during 5 min.

For the Si samples pre-treated by N2-NHs plasma, the previous steps are
followed by an in situ exposure to a N>-NHs gas mixture without plasma (100 sccm N,
20 sccm NHs), at 0.08 Torr, during 5 min. Then the plasma was activated for 1 min.
Inductively coupled N2-NHs plasma with a power of 300 W was used for the
pretreatment. The samples were heated to 300°C during the pretreatment. Through the
precursor line, 10 sccm of Ar were also fed during the pretreatment, in order to avoid
retro-diffusion towards the ALD valves. After the pretreatment, the N2-NHs plasma
mixture feed was stopped, and the system was pumped to the base pressure of the ALD

process (0.072 Torr) during 5 min, prior to starting the ALD process.

2.2.2. Atomic Layer Deposition

For the ALD of Al2O3 on the Si(100) wafers, TMA and H2O vapor were used
as metal precursor and oxidant source, respectively. Once the Si surface pre-treatment
is complete, as described in the previous section, the isolation valve of the capacitance

manometer is closed and the process is initiated.

Deposition takes place under process conditions that are implemented according
to predefined recipes. In all experiments, the top inlet, loading door and side inlet Ar
flows were set to 100 sccm, 50 sccm and 30 sccm, respectively. The Ar flows are
controlled by MFCs, with standard conditions of T=24°C and P=1 bar. Using these Ar
flows, the ALD base pressure (pressure during the purging steps) is set at 0.072 Torr,

by correctly adjusting the heated throttling and sealing butterfly valve of the APC unit.
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The top and loading door gas temperatures were set at 20°C, while the heating of the
feeding line is at 150°C. The substrate and reactor wall temperatures varied within 125-

300°C

The reactant pulses are regulated only by the ALD valve opening time. For the
study of the ALD dependence on process conditions, the TMA valve opening was
varied between 0.025 s and 0.06 s, while the H>O valve opening between 0.06 s and 0.1
s. The purge time was varied from 5 s to 60 s, depending on the process temperature.
The experiments performed and the respective process conditions for this study are

summarized in Table 2.1.

EXperlment Tsubstrate Twalls TMA HZO TMA HZO NO
# (°C) (°C) pulse Pulse Purge Purge of

time (s) | time (s) time (s) time (s) cycles

1 125 125 0.025 0.100 30 30 500
2 125 125 0.060 0.100 30 30 500
3 150 150 0.025 0.100 20 20 500
4 150 150 0.060 0.100 20 20 500
5 162 162 0.025 0.100 20 20 500
6 175 175 0.025 0.100 15 15 500
7 175 175 0.060 0.100 15 15 500
8 200 200 0.025 0.100 10 10 500
9 200 200 0.060 0.100 10 10 500
10 250 250 0.060 0.100 8 8 500
11 300 270 0.025 0.100 5 5 550
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12 300 270 0.060 0.100 5 5 550

13 300 270 0.025 0.100 2 3 550
14 150 150 0.025 0.100 10 10 500
15 150 150 0.060 0.100 5 5 500
16 300 270 0.025 0.060 5 5 550

Table 2.1. Thermal and cycle conditions used for the study of the ALD process

parameters

For the investigation of the initial Al2Os ALD nucleation and growth and the
interfacial layer formation on both HF and N2-NHs plasma pretreated Si, a series of
ALD films using 0, 5, 10, 20, 30, 50, 75, 100, 150, 200, 500, and 550 cycles were
deposited. For this series, the TMA and H20 valve opening times were kept at 0.025 s
and 0.1 s, respectively, while the process temperature was kept at 300°C, and the

purging times after each reactant exposure were setto 5 s.

2.3. Deposited film characterizations

In order to study the thickness, morphology and composition of the Al>Oz films,
the deposits were analyzed using a wide range of characterization techniques. Such
characterizations yield to experimental measurements that can reveal valuable
information about the ALD film formation during the linear ALD regime, the initial

nucleation and growth of the film on the Si surface, as well as the composition of the
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deposited Al2Ozand its interface with Si. The techniques used for this investigation are

presented in this section.

2.3.1. Ellipsometry

Ellipsometry is based on the measurement of the change in the polarization state
of a beam of light upon reflection from the sample of interest (Tutas et al., 1964). The
exact nature of the polarization change is determined by the sample's properties. The
polarization change is quantified by the amplitude ratio, ¥, and the phase difference, A
(Whiteside et al., 2016). As the signal depends on the thickness as well as the optical
properties of the sample material, ellipsometry can be used for their determination

(Tutas et al., 1964), (Arwin and Aspnes, 1984).

The thickness of the deposited films was measured via ellipsometry with a
Horiba UVISEL Variable Angle Spectroscopic Ellipsometer, located in LAAS,
Toulouse. The wavelength interval ranged between 265 and 650 nm, with a step of 20
nm, using an incidence angle of 70° and 76°. This technique was used for thickness
measurements on relatively thick samples (50-60 nm) to minimize the measurement
error due to any uncertainty on the thickness and composition of the interface between

the silicon substrate and the pure Al.Oz deposited film.

2.3.2. Transmission electron microscopy

Transition electron microscopy (TEM) is used for a detailed investigation of the

film thickness, structure and morphology. During TEM, a beam of electrons is
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transmitted through an ultra-thin sample and interacts with it. This interaction causes
the creation of an image of the electrons transmitted through the sample. The image is
then visualized through an imaging device (Petford-Long and Chiaramonti, 2008).
Besides the film thickness and morphology, the structure of a specific material by the

analysis of the image can be obtained.

In scanning TEM (STEM), an electron beam focused to a small surface area is
scanned in parallel across the sample surface. The detector collects the signal arising
from the interaction of the electrons with the sample material (Petford-Long and
Chiaramonti, 2008). Further, dark field STEM allows the observation of STEM images

with higher resolution and compositional information.

The samples were characterized into the UMS Castaing (Toulouse) by
Transmission Electron Microscopy (TEM) using a 200 kV JEOL Cold FEG probe-
corrected ARM200F microscope for either High Resolution (HREM) or Scanning TEM
(STEM) analysis. STEM images were recorded in both Bright Field (BF) and High

Angle Annular Dark Field (HAADF) conditions.

The TEM cross section lamellas were prepared into the UMS Castaing
(Toulouse) by Focused lon Beam (FIB) in a FEI Helios Nanolab 600i dual beam
SEM/FIB. For the STEM analysis, the Al>Osz film was capped with a 200 nm carbon

layer using an electron beam, followed by a 3 um Pt layer deposited with an ion beam.

2.3.3. X-ray photoelectron spectroscopy
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X-ray photoelectron spectroscopy (XPS) uses a monochromatic beam of X-rays
with sufficiently high energy to ionize the atoms of the material to be analyzed. An
electron from the atoms is thus omitted and its kinetic energy is detected and measured
(Kazmerski, 1988). 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 some nm below the surface
of the sample. The kinetic energy of the omitted photoelectron is dependent on its
chemical environment, thus indicative of the chemical nature of the characterized
sample. Hence, XPS measurements can allow the qualitative and semi-quantitative

determination of the chemical nature and composition of the sample.

X-ray photoelectron spectroscopy (XPS) was performed in a Thermo
ESCALAB 250 Xi XPS and a Thermo Scientific K-Alpha system, located at IPREM
laboratory, Pau, France, in order to study the chemical nature of the film bulk and
interface. XPS was performed using a Al Ko source (1486.7 eV) with a 20 eV pass
energy,, while the XPS binding energy scale was calibrated by the adventitious C 1s
peak at 285.0 eV. To study the chemical composition along the depth of the film, Ar*
ions were used to etch the surface along its depth. Ar* ions of 200eV were used, with
an etching cycle of 20 s before each measurement. Curve fitting has been performed
using CasaXPS ©; for 1s core peaks (O 1s, Cls), a single peak has been used for each
chemical environment while doublets have been used for 2p core peaks (Si 2p, Al 2p),

accounting for spin-orbit coupling.

2.3.4. Energy dispersive X-ray spectroscopy
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In energy dispersive X-ray spectroscopy (EDX), a high-energy electrons or
protons is focused into the sample being studied. The atoms in the sample contain
electrons in discrete energy levels or electron shells. The excitation of the sample atoms
lead to the emission of an electron in an inner shell, creating an electron vacancy
(Whiteside et al., 2016).. An electron from a higher energy outer shell may fill the
vacancy, and the difference in energy between the electron shells may be released in
the form of X-rays (Whiteside et al., 2016).. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer. As the
energies of the X-rays are characteristic of the difference in energy between the two
shells and of the atomic structure of the emitting element, EDX allows the elemental
composition of the specimen to be measured (Whiteside et al., 2016).. EDX is mainly

used for qualitative analysis.

EDX characterizations were performed with the TEM analysis using a 200 kV
JEOL JEM-ARM200F Cold FEG microscope, coupled to an Energy-dispersive X-ray
spectroscope (EDX), which was used for the chemical characterization of the films.
The microscope is located at UMS Raimond Castaing Microcharacterization center

(Toulouse).

2.3.5. X-ray reflectivity

In X-ray reflectivity (XRR), a beam of X-rays is reflected from the sample
surface under an incident angle. The intensity of X-rays reflected in the specular

direction is then measured (Whiteside et al., 2016). The monitoring of the reflected X-
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rays with the incident angle can be analyzed, to derive the electron density, thickness

and surface roughness of the layers on the sample.

For the investigation of the initial deposition evolution, XRR measurements
which were performed in ICSM, CEA Marcoule, France. Measurements were carried
out using a Bruker D8 diffractometer with Cu Kal (A = 0.154056 nm) radiation. All
measurements were carried out in 6—0 geometry for which the sample was kept fixed
during the measurements. Experimental curves were fitted using the reflex software
based on the Parratt algorithm (Vignaud and Gibaud, 2019), to obtain the thickness and

the electron density profile of the prepared layer.

2.3.6. Secondary ion mass spectrometry

Secondary ion mass spectrometry (SIMS) is used to analyze in detail the
elemental composition along the sample depth. In SIMS, a focused high energy primary
ion beam is used to sputter the sample surface (Wen et al., 2011). This leads to the
emission of secondary ions from the surface of the sample, which are subsequently
detected by a mass spectrometer. This yields the different chemical species present into
the sample material, along its depth (Wen et al., 2011). Although SIMS is a qualitative
technique, it is also high sensitivity. Used with Time-of-Flight Mass Spectrometry

(ToF-SIMYS), it is a very powerful tool for the analysis of the composition of thin films.

In order to analyze the film composition as a function of the film depth, dynamic
SIMS analysis was performed using a ToF SIMS V (lonToF) in LIST, Luxembourg.
For the depth profile measurement, a 25 keV pulsed Bi** cluster ion source delivering
0.31 pA target current was used for the analysis, while a 3 keV Cs* source was operated
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for the sputtering with 20 nA target current. The sputtered crater size was 250 pm x
250 um and only a 100 um x 100 um area in the middle was analyzed. To limit the
charging effect, an electron flood gun was used. The data were recorded in positive

mode and ions combined with a Cs atom were followed for the depth profile.

Summary-Conclusions

For the deposition of the ALD Al,O; films, a commercial Veeco® Fiji F200
ALD reactor was used. This reactor can coat wafers with a diameter up to 200 mm, thus

allowing the study of the deposition on large area wafers.

TMA and H>O were used as reactants, stored in precursor bottles, while Si(100)
wafers were used as substrates. Two series of substrate pretreatments were studied: a
classical HF cleaning and a HF cleaning followed by an in situ N2-NH3 plasma pre-
treatment. In order to analyze the effect of the key process parameters on the deposition
mechanisms and film characteristics, a wide range of substrate temperatures, reactant

pulse durations and purge times were studied.

The deposited films were characterized by a complete set of technics.
Ellipsometry was used to measure the film thickness during the linear ALD regime, for
the relatively thick samples. XRR was able to monitor the film thickness during the
initial steps. TEM and STEM were used to thorough investigate the thickness,
morphology and structure of the deposited layers. Finally, XPS, SIMS and EDX
measurements allowed the investigation of the chemical nature and composition of the

ALD films and their interface with the Si substrate.
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Chapter 3: ALD process modelling: Computational

methods and strategies
Four different models have been developed during this thesis.

A Computational Fluid Dynamics (CFD) model allows to study the transport
phenomena inside the ALD reactor. This CFD model is then coupled to a wafer scale
detailed surface reaction model, to study the reaction kinetics and their interplay with
transport phenomena. The wafer scale model investigates the chemistry only during the
linear, layer by layer ALD regime. These two models are coupled by the interchange of
computational information, from and towards both models, and are solved

simultaneously.

An island growth (IG) model based on geometric principles has been developed
to study the nucleation, growth and morphology evolution of the films during the initial
ALD cycles. This model is fed by the growth per cycle (GPC) of the linear ALD regime,
computed by the coupled CFD and wafer scale surface chemistry model. Hence, the
computational information is only fed from the CFD and wafer scale models towards

the IG model, and not vice versa.

Finally, a stochastic lattice kinetic Monte Carlo (kMC) nanoscale model has
been developed for more detailed investigation of the surface chemistry and the deposit
evolution. This model is fed by the reactant fluxes and temperature from the coupled

CFD and wafer scale models, and not vice versa.

The interaction between the different models is schematically represented in

Figure 3.1. The computational formulation of the above models, as well as the
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computational strategies used to simulate the ALD process, are presented in the

following sections.

\

Reactor scale model

Feeding system CFD
model:

2D surface chemistry

[ Reactor CFD model: ]“ model:

K Wafer surface chemistry/
Investigation of surface mechanisms

\ Interplay between surface mechanisms and transport phenomena }

GPC at the
steady regime

Reactant fluxes

Il i

Geometrical model: StochastickMC model:
Island growth Nanoscale chemistry

Detailed surface
mechanisms

Initial growth
regime

Figure 3.1. Representation of the different models and their interaction.
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3.1. Reactor scale CFD model

3.1.1. Computational domains

As previously described, the reactor scale model aims at the investigation of the
transport phenomena inside the ALD reactor and the reactor dynamics. The CFD model
developed for the ALD reactor should be realistic and experimentally validated, in order
to advance with the investigation of the surface reactions and the deposition process.

Hence, the model must be fed with realistic data concerning the deposition process.

The most significant difficulty in simulating the ALD system described in
Chapter 2, is the lack of measurements and information regarding the ALD reactant
flows, during the reactant exposure steps. The only measurements available during the
deposition process are the pressure measurements from the Pirani gauge at the reactor
outlet. These measurements must serve for the validation of the reactor CFD model,

thus they cannot be used for the reactant flows estimation.

For this reason, a second CFD model is developed, for the feeding system of the
ALD reactor. Using this model, an estimation of the reactant flows can be computed,
which will be used as an inlet condition in the reactor model. Hence, following this
computational strategy, two three dimensional computational domains were generated
in Comsol Multiphysics®, for the reactor and feeding system of the reactor, presented

in Figure 3.2.
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Figure 3.2. Computational domains for a) the ALD reactor b) the reactant feeding

system

3.1.2. Governing equations and model assumptions

The gas mixture flowing inside the ALD reactor is modelled using the
continuum medium hypothesis. This hypothesis can be validated by computing the

Knudsen number, defined as:

Kn = % (3.1.1)

where A is the mean free path of a gas particle and L is the characteristic length. The

continuum medium hypothesis is valid when Kn<0.1. The gas mixture in the low
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pressure of the ALD process is also assumed to behave as an ideal gas. Hence, the mean

free path can be calculated using the kinetic theory of gases:

_ kpT
V2md?p

(3.1.2)

where kg is the Boltzmann constant, T is the temperature, d is the particle diameter, and
P is the pressure. The maximum Knudsen number was 0.00642, calculated during the
Ar purge step, when the total pressure is minimum, taking the outlet diameter as a
characteristic length. As this maximum Kn number was below 0.1, the continuum

medium assumption is validated.

The gas mixture flow inside the ALD reactor is also assumed laminar. This assumption

is validated by calculating the Reynolds number:

Re = P4L 3.1.3
e== (3.1.3)

Where p is the density, u is the velocity and p is the dynamic viscosity of the gas
mixture, where L is a characteristic length. The maximum Reynolds number was
calculated at 300°C. During the purging times, the Reynolds number was equal to 2.05,
while the maximum value during the reactant pulses was of 129.15 for the TMA pulse
and 37.08 for the H2O pulse, at the side inlet. The characteristic length used was the
side inlet diameter, as this was the region where the maximum gas velocity was found.

The low values of the Reynolds number validate the laminar flow assumption.
Finally, the gas mixture is also considered as a Newtonian fluid.

Using the above assumptions, the governing equations that describe the

transport phenomena inside the ALD reactor include the conservation of mass,
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momentum, and energy, coupled with the conservation of chemical species, as detailed

below (Xie et al., 2015):
Conservation of mass

L=V-(pu)=0 (3.1.4)

where p is the mass density of the gas mixture and u the velocity

Conservation of momentum

d(pu)

20 1+ V- (pun) = —VP + V- [u(Vu + VuT) — 2 (V- wi| + pg (3.1.5)

where P is the pressure, p the viscosity, | the unit tensor and g the gravity acceleration

Conservation of energy

a

€, 22 4,V - (puT) = V- (kVT)
(3.1.6)

where Cp, is the specific heat of the gas mixture, T the temperature and k the thermal

conductivity.

Conservation of chemical species

9(pwi)

where i is the mass fraction of the i species in the gas phase.

The diffusion flux is calculated:

98



. B vP vr
Ji = —pw; Xi=1 Dy, [ka + (X — @) ?] ~ D

(3.1.8)

where Dix is the Maxwell Stefan Diffusion coefficient, and xx is the mole fraction.
Equation 3.1.8 is an expression of Fick’s law, including the Soret effect, for constant
mixture composition. The thermal diffusion coefficients are calculated using the

following equation:

(3.1.9)
where M; is the molar mass of species i. The set of equations is then completed with the
ideal gas law,

fi=all (3.1.10)

where ci is the species concentration, and R the ideal gas constant.

The thermal conductivity, dynamic viscosity, and diffusion coefficients for the
chemical species are calculated using the kinetic gas theory (COMSOL Multiphysics
Reference Manual). The Lennard-Jones parameters for the species are obtained from

the CHEMKIN-PRO database (CHEMKIN-PRO, 2013):

Dynamic viscosity:

TM;-1073
oif2p

W = 2.669-107° (3.1.11)

Where . is the dynamic viscosity for species i, i is the Lennard Jones characteristic

diameter, while Qp is the collision integral for viscosity is a function of the

dimensionless temperature keT/ei Q2p = f (Tgﬂ) where &i/kg is the Lennard Jones

4

energy potential.
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Diffusion coefficient:

The binary diffusion coefficient can be given by the following expression:

T3(M+M;)/(2:1073M; M)

_ . —3\/ J ok

D;; = 2.695- 10 s f(kB) (3.1.12)
Ei&j

Where p is the density, T is the temperature, Mi is the molar mass of the species, i iS
the characteristic diameter, and ei/ks is the Lennard Jones energy potential. The

function f expresses the diffusion collision integral (Aviziotis, 2016).

Thermal conductivity:

The thermal conductivity of the gas is calculated by the following equations, derived

from the kinetic theory of gases.

ki = 2.669 - 1076 LTHE0 . L0Cp OB (3.1.14)

i M;Qp

Where Cy, is the specific heat capacity of species i.

Specific heat capacity:
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The heat capacity for each species is given as a polynomial function of temperature,

following the NASA format (McBride et al., 1993):

L= ay +a,T + aT? + a,T? + agT* (3.1.15)

3.1.3. Discretization and solution of the equations

3.1.3.1. Computational mesh

The above conservation equations constitute a set of partial differential
equations (PDEs). These PDEs are solved over the computational domain, using the
finite elements method (FEM). In this method, the computational domains are
discretized into small three dimensional cells, called elements. The set of elements that

are used for the computational domain is called the computational mesh.

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 computational effort (Aviziotis, 2016). The density 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.
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Based on the shape of the cells, meshes can be distinguished into: a)
structured meshes, comprised by rectangular/quadrilateral (2D) or hexahedral elements
(3D), following a uniform pattern, b) unstructured meshes composed by triangular (2D)
or pyramidal (3D) elements that are not following any pattern and they are randomly
arranged in space. Although for other computational methods, such as the finite volume
method, a structured mesh is preferred, the finite element method can accommodate

both types of meshes.

The computational meshes developed using Comsol Multiphysics ® for the
ALD reactor and the reactant feeding system, are shown in Figure 3.3a and 3.3b,
respectively. The computational mesh consists of 149,226 tetrahedral elements for the

ALD reactor, while 35,246 tetrahedral elements are used for the feeding system.

O ooy S A A AL K

(a) (b)

Figure 3.3. Computational mesh for a) the ALD reactor and b) the reactant feeding
system
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3.1.3.2. Solution of the equations

The set of PDEs is solved along the computational mesh using Comsol
Multiphysics®, which uses the FEM method. The set of PDEs (A(u)), along with the

boundary conditions (B(u)), constitute boundary value problem, of the form:
A(u)= L u=f, in domain Q (3.1.16)
B(u) =M u=g, in 002 (3.1.17)

Where, L and M are differential operators in domain © and boundary a2, respectively,

while u is the unknown function. In FEM, the solution for u is in an approximate form

u:
N
uxi= Z u;jp’
j=1
(3.1.18)

where u; are the nodal unknowns at each node j of the elements, while o' are the basis
functions, which are known functions, usually first, second, or higher order
polynomials. The solution approximation is realized with the method of weighted

residuals. Hence, the residual R; is defined as:
Ri= fn (Lu — fyw;dV (3.1.19)

Where wi is a weight function. The FEM uses Garlekin’s method of weighted residuals,
where the weight function is equal to the basis function. As eq. 3.1.19 needs to approach

zero, and by substituting eq. 3.1.18:
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Ri=[, o'(L (ZN uj(pj) — )V =0 (3.1.20)

j=1

The only unknown in equation 3.1.20 are the nodal unknowns u;. From this point, the
order of the derivative can be reduced in eq. 3.1.20, using integration by parts,
divergence theorem, or other methods, followed by the implementation of the boundary
conditions. Dirichlet boundary conditions are imposed directly, while Neumann and

Robin boundary conditions are imposed at the boundary term after integration by parts.

For example, if L is linear then equation 3.1.20 can be written as:

Z wo! [ @iL(¢))dv=], foidv (3.1.21)
j=1

Which leads to a linear system of the form:

N
z _way=h (3.1.22)
]:

Which can be solved numerically, after the boundary conditions have been

implemented.

For the implementation in Comsol Multiphysics®, first order polynomial basis
functions are used for the pressure, while second order polynomials are used for the
velocity, temperature and chemical species basis functions. The PARDISO solver is

used to solve the system of equations.

3.1.4. Boundary conditions and computational strategy
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An appropriate set of boundary conditions must be imposed on the PDEs to
represent the physical process conditions. Furthermore, the coupling between the
reactor and reactant feeding system models must be appropriate in order to effectively

simulate the reactant exposure and purging steps.

3.1.4.1. Boundary conditions for the purging step

During the purging steps, where only Ar continuously flows through the reactor,
a no slip boundary condition is imposed on the walls of both the reactor and the feeding
system CFD models. The ALD valves in the feeding system of the reactor are modelled
as an impermeable interface, with no slip conditions, when they are closed. The inlets of the
reactor are set to the respective Ar flows (Top inlet: 100 sccm, Side inlet: 30 sccm, Loading
door inlet: 50 sccm), using a mass flow boundary condition. The same boundary condition is
used for the inlet Ar flow for the feeding system (30 sccm). The heated reactor and feeding
system walls are set to their respective temperature, as discussed in Chapter 2. The heating
chuck is modelled by imposing a uniform heat flux on the substrate surface, so that the
temperature at its center is the desired one. The loading door walls are not heated. The inlet
temperature of Ar was set to 20 °C for the top and loading door inlet, and to 150°C for the side
inlet. A zero species flux is imposed on the reactor walls. Danckwerts conditions were fixed at

the exit of the reactor for the gas temperature and species concentrations.

3.1.4.2. Vacuum pump simulation

One more boundary condition for pressure is needed for the model. As the only data
available during deposition was the outlet pressure variation, this data was used for validation.

Hence, the turbo-molecular pump connected to the reactor outlet was simulated. One of the
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technical aspects of the turbo-molecular pump is that it retains a steady volumetric flow rate for
a wide range of pressures. This aspect was used for the pump simulation, using the following
computational strategy. First, a simulation was performed by imposing an outlet pressure
condition, equal to the base pressure of the ALD process, as measured by the capacitance
manometer (0.072 Torr). Once a solution is obtained, the computed volumetric flow rate at the
outlet represents the volumetric flow rate of the pump. This volumetric flow rate was then
imposed as an outlet boundary condition, and the results of the previous simulation of the ALD

reactor purging step is used as an initial condition for subsequent simulations.

3.1.4.3. Reactant exposure steps: Coupling of the two models.

The reactant flows are computed by the feeding system model. The
computational strategy for the coupling of the reactor and feeding system models is

presented in this section.

After the purge time has been simulated, as described in the previous section,
the solution about the velocity, pressure and temperature distribution inside the reactor
is computed. As the side inlet is connected to the feeding system, the computed side
inlet pressure of the reactor is imposed as an outlet pressure condition for the feeding

system model.

The feeding system was first simulated with the two valves of the reactants
vessels closed. This was done by using the 30 sccm of Ar, serving as a carrier gas, as
an inlet boundary condition. An impermeable interface is used to account for the closed
ALD valves. The feeding system outlet, connected to the side inlet of the reactor, was
set to the pressure computed for the side inlet in the previous step (constant flow of Ar

inside the reactor). The gas volume in each vessel above the liquid reactants is assumed
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to be half that of the bottle, at a pressure equal to the vapor pressure of the respective
reactant 1,940 Pa (14.55 Torr) for TMA and 3,820 Pa (28.65 Torr) for H>O (NIST

Chemistry WebBook, 2005).

The solution for the steady Ar flow in the feeding system is then used as an
initial condition to simulate the reactant exposure steps. This is done by removing the
impermeable interface corresponding to each reactant exposure and simulating the
process for the valve opening times. After the simulation of the valve opening time, the
impermeable interface is set again and the process is simulated until no more reactant
is present in the feeding system. This leads to the calculation of the reactant flows at
the feeding system outlet, during the ALD exposure steps. The computed flows are then
implemented as a transient inlet condition to the side inlet of the reactor model. As
previously presented, a steady volumetric flow rate is set at the reactor outlet and
coincides with that of the steady Ar flow in the reactor. Using the computed pulses as
inlet conditions and the computed constant outlet flow rate as an outlet condition, the
ALD exposure steps inside the reactor chamber are simulated, and the computed outlet
pressure can be monitored and compared to the experimental measurements. The

computational strategy is schematically represented in Figure 3.4.
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Reactor:

Model constant flow of argon
Outlet pressure=50 mTorr
l Feeding system:
Get pressure distribution Model argon flow / Feeding system
Get outlet flow rate — Outlet pressure=
Get side inlet pressure Reactor side inlet pressure

|

Implement the calculated flow
rate as outlet boundary condition

)

Implement the calculated pulses | Simulate valve opening/
as inlet boundary condition compute reactant pulses

v

Simulate ALD exposure steps

Figure 3.4. Representation of the computational strategy used to couple the reactant

and feeding system models

3.1.4.4. Pirani gauge simulation

As discussed in Chapter 2, the outlet pressure is the only measurement during
deposition. It is measured by the Pirani gauge, a gas dependent gauge that measures the
pressure of a gas through its thermal conductivity. In this case, the Pirani gauge used is
calibrated for nitrogen (N2). Typically, the pressure reading by a Pirani gauge must be
multiplied by a correction factor, different for each gas, in order to calibrate the

measurements to the real pressure value. In our case, these correction factors are
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unknown. As mentioned in Chapter 2, the capacitance manometer isolation valve is
automatically closed during an ALD process, to prevent deposition on the measuring
device. Hence, the only data provided during deposition is the pressure variation at the
reactor outlet measured by the Pirani. So, in order to compare the computed pressure
values from the CFD model, Pcaic, with the Pirani measurements, Pexp, We convert the
former following Eqg. 3.1.23, which accounts for the dependence, assumed linear, of the
pressure reading on the ratio of the thermal conductivities of the gas mixture and
nitrogen. This conversion is hence based on the principles of the Pirani gauge (indirect
measurement of pressure via the gas thermal conductivity), with the assumption that
the pressure measurement is linearly dependent on the thermal conductivity of the gas.
The converted value, denoted by Pcony is used for the comparison with the experimental
measurements (Pexp). Although this assumption is not could not be tested for H2O or

TMA, experiments showed that it is validated for the pure Ar flow (Chapter 4).

. Emixture

Peonv = Peaic X
N2

(3.1.23)

where Kmixwre iS the thermal conductivity of the gas mixture, kn2  is the thermal
conductivity of N2, Pcaic is the calculated pressure from the CFD model, and Pcony is the
converted pressure value by equation 3.1.23. The thermal conductivity of pure nitrogen

is calculated at the outlet temperature, using the kinetic gas theory.
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3.2. ALD surface reactions: Wafer scale model

3.2.1. Surface chemistry

The surface mechanisms taking place during the TMA + H>O ALD have been
identified and widely reported in the literature. In this section, the surface chemistry is
summarized. It is important to note that this section deals with the surface chemistry
during the “ideal ALD regime”, where the GPC is constant and linear growth as a
function of the number of ALD cycles is obtained. During this regime, the deposition

occurs on already deposited Al>Os sites.

The overall reaction is:

2AI(CH3)3+3H20 — AlLO3 + 6CHa (R1)
The detailed steps of the TMA/H20 ALD for each exposure step are the following.
TMA exposure:

The Al>Oz surface is covered with OH groups, which are the reactive surface
sites for the TMA reactants. The first mechanism taking place during the TMA
exposure is the reversible adsorption of TMA on a surface hydroxyl group (Widjaja and

Musgrave, 2002):
Al(CH3)3(g)+OHs)>H-0-Al(CH3)3(ads) (R2)

hereafter named TMAds)s).- This TMA molecule, after it adsorbs on the OH site, can
either desorb or proceed in a reaction where a CHs ligand of TMA reacts with the
hydrogen atom of the hydroxyl group, forming CHas that is desorbed as a gaseous

byproduct (Widjaja and Musgrave, 2002):
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TMA @ds)s) — O-Al(CHz3)2)+CHa(g) (R3)

where the O-AI(CHs)zs) surface species is hereafter referred to as dimethyl aluminum

or DMAg).

Studies using density functional theory calculations have shown that a DMA
molecule can undergo a second reaction with a neighboring OH site on the surface,
releasing CHs as a gaseous byproduct and forming an aluminum bridge between the

neighboring O sites (Elliot and Greer, 2004)(Delabie et al., 2012):

DMA) +OHs) — (0)2-Al(CHz)s) +CHag) (R4)

with the new surface species hereafter referred to as monomethyl aluminum, or MMA.
Further dissociation of MMA to surface Al with the elimination of methyl groups can
be excluded, as it has been found to be endothermic and with a high-energy barrier

(Delabie et al., 2012).

H20 exposure

During the water pulse, the methyl-terminated surface generated by the previous TMA
step of the cycle, is exposed to H>O vapor. The H20 molecules adsorb on the DMA

species (Widjaja and Musgrave, 2002):

DMAs) + H20(g) <> DMA-OH2 (ads)

(R5)

onwards called DMAH:Og)

The adsorbed H>O molecule can then either desorb or react with one of the methyl
groups, leaving a OH group at its place, and releasing CHa(g) as a byproduct (Widjaja

and Musgrave, 2002):
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DMAH;0() — O-Al(CH3)-OHs) + CHa(g) (R6)

with the O-Al(CH?3)-OHgs) species hereafter named MMAOHs).
A second H>O molecule then adsorbs on the MMAOH species:
MMAOHs) + H20(g) <> H20(ads-MMAOH (R7)

onwards called MMA(OH)H20¢s), which can then either desorb or react with the methyl
group on the surface, releasing CHa4, leaving the surface OH-terminated (Widjaja and

Musgrave, 2002):

MMA(OH)H20() — O-Al(OH)z) + CHa(g) (R8)
Finally, water can adsorb on MMA species on the surface:

MMA) + H20(g) <> MMA-H20ads) (R9)

onwards called MMAH2Os), which can either desorb or react with the methyl group on

the surface, releasing CHa() and leaving the surface OH-terminated:

MMAH20) —(0)2-Al-OH(s) + CHa(g) (R10)

3.2.2. Implementation of the surface chemistry

Let us recall that our model represents the ALD regime, where the growth per
cycle (GPC) is constant as a function of the number of cycles. Therefore, after each
ALD cycle, the surface must be regenerated so as to maintain a constant number of OH
groups on the surface from one cycle to another, while depositing stoichiometric
alumina. As previously described, the initial reaction of a TMA molecule with a
hydroxyl group on the surface may be followed by a further reaction with a

neighbouring hydroxyl. Taking into account the mechanisms in the previous section,
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the surface after the TMA pulse must contain equal proportions of MMA and DMA
species. This ensures the stoichiometric overall reaction, where two TMA molecules
react with three H>O molecules, producing Al>Oz. Therefore, we implement this
condition to our mechanism, leading to the following overall reactions at each reactant

exposure.
For the TMA exposure:

2 TMA@g)*+3 OH(s) <» 2 TMA(ads)s— DMA) + MMA) + 3 CHag)

(R11)
For the H20 exposure:

H20() + MMA() & MMAH20¢— Al-(OH) ) + CHag)

(R12)

H20(g) +DMA) «» DMAH20) — MMAOH+ CHg(g)

(R13)

H20() *MMAOH ;) <> MMA(OH)H20() — Al-(OH)2 + CHa(g

(R14)

The model takes into account gas molecule adsorption (reactions R2, R5, R7,
R9), desorption of adsorbed molecules (reverse reactions R2, R5, R7, R9) and forward
surface reactions of the adsorbed molecules. The adsorption rate of each adsorption step

for species i (Rags,1) is given by the following equation, in mol-m2-s? :

Rads,i =S;- Fluxl-

(3.2.1)
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where Fluxi is the molar flux of gaseous species i, and s is the sticking coefficient.

The molar flux is calculated by the Hertz-Knudsen equation:

Flux; = Jﬁ (3.2.2)

where P; is the species i partial pressure, M; is its molecular mass, R is the ideal gas
constant, and T is the temperature. The sticking coefficient depends on the surface
coverage of surface sites which are available for the species i to deposit on. The surface
coverage of each surface species k is denoted as 6, and the sum of all coverages of the

surface sites, n in number, must be equal to unity.

“Eads
S;i =S Ogy e FbT (3.2.3)

Yk=10k =1 (3.2.4)

In equation (3.2.3), Eags IS the activation energy for adsorption, ky is the
Boltzmann constant, T is the temperature, So;i is the initial sticking probability of species
I, when the whole surface is available for deposition, and no energy barrier needs to be
overcome i.e. 0a=1. The So; value is treated as a model parameter. The surface coverage

of each species is given by:

where ok is the site occupancy number, Ck and Ciot are the surface concentration of
species k and the total concentration of surface sites, respectively, both in mol-m=2. The
site occupancy number describes how many surface sites are occupied by each surface
species. In our case, Ciot Is the maximum number of OH groups that can be present on

the surface, which depends on the surface temperature.
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The reversible step of adsorption, i.e. the desorption of the adsorbed surface

species k on the surface is modelled as a first order surface reaction:

Riesk = Kaesi * Cx

(3.2.6)

where Rges is the desorption rate of adsorbed surface species k, in mol-m2-s™., and Kges k

is the desorption rate coefficient in s™., that is calculated using an Arrhenius expression:

_Edes,k

kdes,k = Ades,k e foT (3-2-7)

where Adesk IS the pre-exponential frequency factor, Eqes is the activation energy for the

desorption of a molecule, and ky is the Boltzmann constant.

The surface reactions are treated the same way as desorption:

Ry = kry " Cy
(3.2.8)
_Er,k
ke = Apy e’ (3.2.9)

By developing the mechanism described above using the described phenomena,
we have 8 surface species, namely OH), TMA(ads)s), DMA), MMA), DMAH20s),

MMAOH;s), MMA(OH)H20), MMAH2O).

The implemented surface chemistry of TMA+H>0O ALD is summarized and

schematically represented in Figure 3.5 below.
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Figure 3.5. Schematic representation of the detailed surface chemistry of Al.Os ALD

from TMA and H,O

3.2.3. Surface chemistry model formulation

TMA pulse:

As presented in Figure 3.5, two TMA molecules react with 3 hydroxyl groups.
In our model, each TMA molecule will adsorb on 1.5 OH groups. The site occupancy
number of the TMAgs) Species will then be 1.5. When each adsorbed TMA molecule
reacts, half a DMA and half a MMA species will be produced. The DMA and MMA
species have a site occupancy number of 1 and 2, respectively. The surface species
conservation equations are then:
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dCoy

ot =-15" (Rads,TMA - Rdes,TMA(ads)) (3-2-10)
ICrmaads) _ p R R 3.2.11
T — Rads,TMA — Rdes,TMA(ads) — I\r,TMA(ads) ( L )
ac
#MA =0.5" Rr,TMA(ads)

(3.2.12)

9Cmma _ ¢ 5. R (3.2.13)
at - Y r,TMA(ads) 2.

H20 Pulse:

As presented in Figure 3.5, the H2O molecules adsorb on the methyl terminated
surface. All species have a site occupancy number equal to 1, with the exception of
adsorbed water on MMA (MMAH:0), for which ox=2. The surface species

conservation equations are then:

ac
g,fl 4= —(Raas,pman,0 — Raes,pman,o0) (3.2.14)

0CpMAH,0
— ot = Rads,DMAHZO - Rdes,DMAH20 - Rr,DMAHZO (3-2-15)

dCMMAOH
Y Rr,DMAH20 - (Rads,MMA(OH)Hzo - Rdes,MMA(OH)HZO)
at

(3.2.16)

ac
glfA = —(Raasmman,0 — Raesmman,o) (3.2.17)

OCMMA(OH)H,0 __

ot = Raasmmaom)H,0 — Raesmmaomn,0 — Rr Mmacomm,o

(3.2.18)
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0CMMAH,0 R

5t ads,MMAH,0 — Raesmman,o — Ry mman,o
(3.2.19)
dCon
o = Brmman,o T Ry pman,o + Rrumacomn,o (3.2.20)

As the product of the ALD process is the alumina thin film, species in the solid
bulk of the film must be produced during the ALD cycle. The alumina solid bulk species
is produced by the reaction of the adsorbed TMA on the surface, while the oxygen solid

bulk species is produced by the reaction of adsorbed water on DMA, MMAOH and

MMA.
9Copuuk _
9t Ry mman,o + Ry pman,o0 + Rr mmacomym,o
(3.2.21)
aCa u
[;l; = Ry ma(aas) (32.22)
The two bulk species react with each other to give an Al,0s molecule:
2 Alpuik + 3 Opuik — Al2O3 (R15)

The above set of equations is solved using Comsol Multiphysics®, which uses the FEM,
using second order polynomial basis functions. The equations are solved in a coupled

scheme with the CFD reactor model, as presented in section 3.2.5.

3.2.4. Computational parameters

For the surface chemistry model, values regarding the activation energies,

reaction enthalpies, sticking coefficients, initial maximum concentration of surface
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sites and pre-exponential factors must be set. The activation energies and reaction
enthalpies are taken from literature (Widjaja and Musgrave, 2002), where are reported
the computed energy barriers needed for the adsorbed TMA molecule to react according
to (R3). These energy barriers are used as activation energies for the TMA surface
reactions. In these studies, the adsorption step of the gaseous TMA molecule on an OH
site is exothermic. This binding energy of the TMA is used in our study as the activation
energy for desorption. The same is done for the water activation energies for surface
reaction and desorption on DMA and MMAOH sites. We assume that the energies for
the H2O reaction and desorption on the MMA species are equal to those on DMA,

calculated by Widjaja and Musgrave (Widjaja and Musgrave, 2002).

The initial surface is assumed to be covered by OH sites, i.e. Cinit, oH =Ctot. The
value of Cit hence indicates the maximum number of OH groups that can be present
on the surface. As the deposition of Al.Oz is dependent on the surface OH (Haukka and
Root, 1994) site concentration, this maximum concentration must be carefully chosen.
The maximum OH concentration depends on the temperature, as the OH groups are
thermally unstable. Two neighbouring OH sites can react with each other, in order to
form an oxygen bridge and desorb one molecule of H2O (Puurunen, 2005)( Zhuravlev,
2000). In our study, the maximum OH concentration is implemented as a function of
the surface temperature, based on data on silica surface reported by Haukka and Root
(Haukka and Root, 1994). This data shows an almost linear relation between the OH
concentration and the silica surface temperature, for the range of 200-560°C. This
behaviour has also been reported in Dillon et al. on porous alumina (Dillon et al., 1995).
We assume that the same relation is also valid at lower temperatures down to 125°C,
and we implement this linear relation to calculate the maximum OH concentration for

each process temperature.
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The pre-exponential factors were assumed to be equal to:

A=t
-
(3.2.24)

for all surface reactions and desorption, where kpy is the Boltzmann constant, T is the

temperature, and hp is the Planck constant. With the above model assumptions and

parameters, only the initial sticking coefficients need to be determined.

In our study, the sticking coefficient of H.O was assumed to be equal on all

three available sites (DMA, MMA, MMAOH). Hence the surface chemistry model has

two fitting parameters (So,TmA, So,H20).

The parameters used for our chemistry model are summarized in Table 3.1.

Parameter Value

Adsorption activation | TMA: 0 eV, H20: 0 eV (Widjaja and Musgrave, 2002).
energy

Desorption activation | TMA: 0.61 eV, H.O on DMA and MMA: 0.57 eV,
energy H>0 on MMAOH: 0.74 eV (Widjaja and Musgrave, 2002).
Reaction activation | TMA: 0.52 eV, H.O on DMA and MMA: 0.7 eV,
energy H>0 on MMAOH: 0.91 eV (Widjaja and Musgrave, 2002).

Reaction Enthalpy

TMA: 1.09 eV, H,O on DMA and MMA: 091 eV,

H>0 on MMAOH: 0.56 eV (Widjaja and Musgrave, 2002).

Maximum OH

concentration

y = -2,1661E-08 -T + 1,68935E-05 , in mol/mz, TinK

(Haukka and Root, 1994)

Sticking coefficient

S0, TMa=0.004 (Fitted), So,H20=0.014 (Fitted)

Table 3.1. Computational parameters for the surface chemistry model.
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3.2.5. Coupling of the CFD and surface chemistry models

The coupling of the CFD model with the surface chemistry one is realized
through the boundary conditions implemented on the substrate surface, for the species
transport and heat transport equations. On the substrate surface, a species flux is

implemented as a boundary condition for TMA, H20, and CHa species.

Jrma = —(Raastma — Raesrmacads)) " Mrma (3.2.25)

J1,0=-( Rads praats, 0+ Rads mmac ot 1,0+ Rads a0 Raes pyar 0 R des vmac oy 1,0~ R des umars,0) ‘M0

(3.2.26)

Jen, = (1-5 "Ry rmacads) T Rrmman,o + Rrpman,o + RT,MMA(OH)HZO) *Mcy,

(3.2.27)

where J (in kg/m?s) is the species mass flux, with the positive sign denoting that the

species is generated at the surface.

A heat flux is also generated on the substrate surface, corresponding to the enthalpies

of the surface reactions:
Q = Xm=1Rm * 4Hp, (3.2.28)

where r is the total number of reactions, and AH is the reaction enthalpy.
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3.3. Island growth model

The computational model for island growth is inspired from the works of Nilsen
et al. and is based on geometric principles. The islands are assumed to be hemispherical
due to the amorphous nature of the films, and grow on discrete nucleation sites (Nilsen
et al, 2007). The nucleation sites are uniformly distributed, assumed to form a square
surface lattice. Due to the uniform distribution, the analysis is simplified to only one of
the squares of the lattice, by imposing periodic boundary conditions. Finally, the radius,

r, of the islands after each ALD cycle is assumed to increase by a given amount, Ar.

The size of the squares from which the surface lattice is composed can be
deduced from the nucleation density, Ng, which is the surface concentration of

nucleation sites. If A is the area of the squares and b is their side length, then:

(3.3.2)

The thickness is computed as a mean thickness of the island over the whole square area

A:

Thickness = Volume — Volume
Area A

(3.3.3)

The island growth is divided into three regimes as illustrated in Figure 3.6. The

first regime is the free island growth regime, where the islands grow in hemispheres
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within the square lattice. The starting point for the second regime, island coalescence,
is the moment when the island coalescence starts. The third regime, continuous film
growth, starts when the whole surface is covered by the deposited film, hence when the
film is continuous on the whole surface lattice. As the islands continue to grow and
coalesce, this regime leads the ALD process to its steady state, where linear growth is

obtained as a function of the ALD cycles.
The three regimes are taken into account in the geometric model. The critical island

radius value for the transition from the first regime to the second is:

b
Te12 =35 (3.3.4)

While the critical value for the transition for the second regime to the third is:

V2b

Teo2o3 = ——

. (3.3.5)

Hence, the volume of the islands, is computed as follows:
If rn is the island radius at the n™ cycle:

forn, < 7.5,

the island volume is equal to the volume of the hemisphere:

2mrs

Volume = (3.3.6)

Forre15, <1, S Teoss

the island volume is equal to the volume of the hemisphere, minus four times the

equivalent volume of half of a top spherical cap.
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2mr

VOlumehemisphere — 3 (3-3-7)
2
fgnn r2—22 dz
Volume,,, = % (3.3.8)
Volume = Volume pemisphere — 4 * Volume qy (3.3.9)

Form, = 1.253

the film is continuous, and the island occupies the whole square. The volume of the

island is:

b b |p2_x2-y2
Volume = [?, [%, ] dzdxdy
(3.3.10)

Using the above model, the GPC evolution can be computed as a function of the number

of ALD cycles, as follows:

GPC,, = Thickness,, — Thickness,_; (3.3.11)

The island radius at the nth cycle is given by:

T, =Th_q +A4r, (3.3.12)

Where Ar is the radius increase during each ALD cycle. Its value is equal to the GPC
at the steady ALD regime, where the thickness is a linear function of the ALD cycles.

This value is easily accessible by experimental measurements, once the ALD regime is
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reached. The initial island radius prior to ALD deposition, ro, is @ model parameter.
Although it is usually taken as zero, it is nonetheless included for the generality of the
model. Surface functionalization can lead to the presence of nucleation sites with a

radius of some number of A.

T .
(2 (b) (©

%ﬂ
O

Figure 3.6. Top and side view of the different regimes: a) free island growth b) island

coalescence c¢) continuous film growth

The model has two fitting parameters, which are the nucleation density, Nq and
the initial radius of the islands, ro. The value of ro represents the apparent radius of a
surface nucleation site. As nucleation sites are usually surface defect sites, ro varies
from zero to some number of A. Once this value is set, by tuning the values of Ng, an
estimation of the surface concentration of nucleation sites can be derived, by fitting the

model results to experimental data.

The above set of equations is solved using Matlab®, and the resulting thickness

is obtained.
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3.4. Nano-scale chemistry model

The nano-scale model is stochastic, and is based on the kinetic Monte Carlo
(kMC) algorithm, that has previously been used for multi-scale computational
approaches on CVD processes (Cavallotti et al., 2005)(Crose et al., 2015)(Aviziotis et
al.,2016). In this thesis, a lattice KMC approach is used, studying the evolution of a
surface. The film deposition is modelled as a Markov process of events (Battaile and
Srolovitz, 2002). The surface state evolves through known transition rates, which
express an event. In a Markov process, the probability of an event under which a system
can transition through different states is dependent only on the state of the system, and
not on the previous events that have occurred. After each event, the surface has a new

state, with new event probabilities.

The two main ingredients of a kMC algorithm are hence the identification of the
possible surface events and the determination of the rates at which these events can
occur. Time steps are inserted as the time period between two sequential events, and
are computed by the total rate of all events. In this thesis, the events taking place are
adsorption, desorption, and surface reactions. The computational lattice, the considered
events, the KMC algorithm and the coupling to the reactor model are presented in the

following sections.

3.4.1. Computational lattice
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The computational lattice used is a one-dimensional solid-on-solid surface
lattice, similar to the one used by Crose et al., for the CVD of Si (Crose et al., 2015).
The number of sites N is hence the size of the surface lattice, which is a 1xN size matrix.
As an approach to the surface chemistry, the model is coarse grained. Coarse grained
models use pack of atoms as surface sites, instead of modelling the actual atomic
structure of the surface (in this case Si(100) ). Hence, each site in the surface lattice
represents an adsorption site. In this thesis, two different coarse graining and surface

chemistry schemes have been used for the nano-scale model.

The first coarse graining scheme, hereafter called coarse graining scheme A, is
a simplified chemistry scheme. As presented in Section 3.2 of the present chapter, TMA
can adsorb and react with either one or two surface OH groups, forming DMA and
MMA species, respectively. Subsequently, two H20 molecules adsorb and react with
the two DMA species, while one H2O molecule is needed for the hydroxylation of
MMA. In order to satisfy reaction R1 and produce stoichiometric Al.O3, the DMA and
MMA molecules need to be produced in equal proportions. Hence, 2 TMA species need
3 OH species (1:1.5 TMA:OH ratio) to form one DMA and one MMA species.. With
the use of this hypothesis, the coarse graining scheme A assumes that the surface lattice
sites represent 1.5 OH groups, where one TMA is going to deposit. In turn the product
of the surface reaction is a pseudo-DMA group, which can then be hydroxylated by two
H20 speciess. Specifically, the pseudo-DMA group forms a pseudo-MMAOH group
after the reaction with the first H-.O group, while a reaction with a second H.O molecule
reproduces the starting surface. As the maximum surface concentration of OH groups
is known as a function of temperature (Haukka and Root, 1994), the surface lattice sites

can be defined to represent a surface:
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1.5

Assite=

(3.4.1)

Cmax,OH
where Cmax, on is the maximum surface concentration of OH groups, in OH/ nm?,

Using this coarse graining scheme, the GPC, as well as the roughness
evolution, can be estimated. Although this approach needs many improvements, it can

make quantitative predictions that can be compared to experimental measurements.

The second coarse graining scheme, hereafter called coarse graining scheme B,
is a more detailed chemistry scheme. In this scheme, the dissociation of TMA to DMA
or MMA is only dictated by the neighboring OH groups, while the proportion of DMA
and MMA species is not imposed, but is rather obtained as a result. Using this model,
the stoichiometry of the deposited films can be computed, as well as the proportion
between surface species. In this scheme, the surface sites represent the surface occupied

by an OH group:

1

Assite=

(3.4.2)

Cmax,OH

where Cmax, oH IS the maximum surface concentration of OH groups (Haukka and Root,

1994), in OH/ nm?,

Although this definition is logical, the problems arise for the comparison of the
computed GPC with experimental measurements, due to the fact that the chemistry is
dependent on the surface topography, as the deposition of MMA is dependent on the
existence or not of neighboring OH groups on the surface, during the TMA exposure.
The number of OH groups created during the subsequent H>O exposure is in turn
dependent on the number of DMA and MMA surface sites deposited. If the surface is
initially assumed to be completely covered with OH groups, the evolution of the film

growth will affect the topography of sites, and hence the surface chemistry, until the

128



topography stabilizes, after a certain amount of simulated cycles. All the above will be

discussed in the next sections.

3.4.2. The kMC algorithm

As previously discussed, the surface events simulated by the KMC algorithm are
modelled as Markov processes, using the rate of each event as a transition probability
per unit time. Three events are taken into account: adsorption, desorption and surface

reaction, as presented in section 3.2.
The adsorption rate on an adsorption site is computed as:
Raas = s Flux - Agte (3.4.3)

Where the species flux is taken from the reactor scale model, and is calculated by
equation 3.2.1. The sticking coefficient value is fitted. The reaction and desorption rates
for an adsorbed species on the surface are computed as first order Arrhenius

expressions:

—Er

R, =2 gkt (3.4.4)
KT ~“Edes

Raes = "2+ & o' (3.4.5)

Where ky is the Boltzmann constant, h is the Planck constant, while E; and Eges are the
reaction and desorption activation energies respectively. These activation energies are
taken from Widjaja and Musgrave, as in the surface chemistry model (Widjaja and
Musgrave, 2002). The total rate of events, for each separate reactant exposure is

calculated as:
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Rior = Zi’c=1 R;N; (3-4-6)

Where K is the total number of events, Rj is the rate of event i, and N; is the number of
surface sites where event i can take place. The probability of each event is then

calculated as:

RiN;

Di = Reo: (347)
While the sum of all probabilities is equal to unity.
?=1pi =1 (348)

The kMC algorithm proceeds as follows. Initially, the surface is assumed to be
flat and fully covered by OH adsorption sites. The transition probabilities are calculated
a priori and every KMC trial leads to the realization of an event. This realization is done
through the generation of random numbers. A random number A; in the interval (0,1] is
generated. The event n for which Y7 'p; < 1, < Y, p; is the event selected. A
second number A is selected in the interval (O,Ns], where N is the number of sites
where event n can occur. From this procedure, the surface site on which the event will
take place is selected. The event is implemented on the selected site, and the surface is
updated. The new total reaction rate and the respective probabilities computed, and the

time is renewed using a mean time step:

At = —

(3.4.9)

Rtot

The process is then repeated, until the simulation time is equal to the duration of the

reactant exposure time.

The detailed procedure for each coarse graining scheme, as presented in section 3.4.1,

is described below.
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Coarse graining scheme A

As described in the previous section, in this scheme the free surface sites represent 1.5
OH groups. During the TMA exposure, TMA adsorbs on the free surface site. From
then on, it can either desorb or proceed with a forward reaction, leading to the formation
of (pseudo) DMA species, which occupies one surface site. In the same time, a bulk Al
atom is assumed to be deposited. During the subsequent H2O exposure, the H20 are
assumed to adsorb on DMA, from where they can either desorb or proceed with the
surface reaction, producing MMAOH. A second H2O follows the same procedure,
leading to the formation of a free surface site representing 1.5 OH, thus regenerating

the surface. The thickness h at each is calculated assuming Al>Os stoichiometry, as

follows:
h = lacMazos (3.4.10)
N-Asite'Nav'p

Where nay is the total number of bulk aluminum deposited, N is the total number of the
lattice sites, Asite IS the surface represented by each surface lattice, Nay is the Avogadro
number, Maros is the molecular weight of Al.Ogz, and p is the density of Al,O3, taken

at 3500 kg/m?® (Ott et al., 1997).

A local thickness hj on a lattice site i can be computed as follows:

h; = “aMaizos (3.4.11)

Asite'Nav'p '

Where nai,i is the number of bulk aluminum deposited at each surface site. In this way,

the root mean squared (RMS) roughness can be calculated:

RMS = |22y (he = mean)® (3.412)

Where hmean is the mean thickness on the surface.
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Coarse graining scheme B

As previously described, in this scheme the free surface sites represent an OH group.
The surface is initially assumed to be fully covered by OH sites. During the TMA
exposure, TMA adsorbs on a free surface site. If a neighboring surface site is occupied
by a surface OH site, then the TMA molecule is considered to occupy this site two.
Hence an adsorbed TMA molecule can occupy two neighboring sites. If both of the
neighbouring sites are covered by OH, then one of those sites is randomly selected.
From then on, the adsorbed TMA can either desorb or proceed with a forward reaction.
This reaction leads to the formation of DMA species (if TMA is adsorbed on one OH
group), or MMA species (if TMA is adsorbed on two surface sites), which occupy one
and two surface sites, respectively. In the same time, a bulk Al atom is assumed to be

deposited.

During the subsequent H>O exposure, the H>O are assumed to adsorb on DMA, and
MMA from where they can either desorb or proceed with the surface reaction. The H.O
reaction with DMA produces a surface OH group and a surface MMAOH group. A
second H.O can adsorb on MMAOH, following the same procedure, resulting to the
formation of a second OH surface group. The reaction of H,O with MMA leads to the
formation of a surface OH group. For each H2O reaction, a bulk O atom is assumed to

be deposited. The bulk species are assumed to form Al2Os, with the following reaction:
2 Alp) + 3 Op) — Al203)

The thickness h at each is calculated assuming Al>Os3 stoichiometry, as follows:

n ‘M
p = MarosMaizos (3.4.13)
N-Asite’Nav'p
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3.4.3. Coupling to the reactor scale model

Apart from setting the temperature value, the nano-scale kMC model is coupled
with the reactor scale model through the reactant flux, used for the calculation of the
adsorption rate, as shown in equation 3.4.3. However, as the adsorption rate is also used
to calculate the time step, the KMC algorithm is highly dependent on the species flux

taken from the reactor model.

In the actual case, the substrate surface is exposed to reactant pulses. This means
that at the beginning of the respective reactant exposure step, the reactant flux will be
very low, to a value approaching zero. This is also the case at the end of the reactant
exposure. As adsorption is the only possible event when the kMC algorithm is initiated
(surface fully covered by OH groups), the time step is inversely proportional to the
adsorption rate (eg. 3.4.9), and hence the reactant flux. Hence, if the reactant flux is

low, the time step will be very high and will overcome the total exposure time.

For this reason, the reactant flux is averaged over the reactant exposure duration.
The time integral of the reactant flux is calculated, yielding the total reactant exposure
time of the substrate. This value is then divided by the exposure time, yielding an
average reactant flux over the exposure time. This process is schematically represented

in Figure 3.7.
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Figure 3.7. Reactant flux: a) as computed from the reactor scale model, b) as
implemented in the nano-scale kMC model. The area Q is the total substrate exposure

to the reactant, equal for both cases.

3.4.4. Computational aspects of the simulations

In this section, the computational aspects of the nano-scale model are presented,

for the two coarse graining schemes.

Coarse graining scheme A

In this scheme, each OH group on the surface represents 1.5 OH surface species,
as described in section 3.4.2. In order to monitor the solutions of the kMC algorithm
for the coarse graining scheme A, the number of OH groups on the surface at the end
of each ALD cycle, are plotted as a function of the ALD cycles, in Figure 3.8. For the
results in Figure 3.8, the total number of surface sites was set to 100, and the simulation

is for an ALD temperature of 200°C (simulated experiment 8, in Table 2.1).
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Figure 3.8. OH groups on the surface after each ALD cycle using a lattice size

of 100 surface sites: KMC model predictions.

Figure 3.8 shows that after the first ALD cycle, the OH groups after each cycle
stay more or less the same, as expected during the linear ALD regime. The surface is
regenerated after each ALD cycle. However, due to the stochastic nature of the model,
the OH groups as a function of cycles have a discrepancy around the predicted average
value. This discrepancy is 3.9%. This discrepancy is dependent on the lattice size, i.e.
the total number of surface sites. The number of OH groups after the end of each cycle,
using different lattice dimensions, are plotted in Figure 3.9a. The respective average
discrepancy around the mean value as a function of the lattice size is plotted in Figure

3.9b.
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Figure 3.9. a) Number of OH groups on the surface after each ALD cycle, using
different lattice dimensions, b) Average discrepancy of the computed OH groups

around the mean value as a function of the lattice dimension.

Results of Figure 3.9 show that, by increasing the lattice dimension, i.e. the total
number of surface sites, the averaged discrepancy is decreased. For this reason, for

subsequent simulations, a lattice of 10,000 sites is selected, which lead to an average

discrepancy of <0.5% (Figure 3.9b).

Coarse graining scheme B

In this scheme, each surface site represents one OH species. For the coarse
graining scheme B, a lattice size of 10,000 sites is selected, as for the coarse graining
scheme A. In order to investigate the behavior of this model, it is first ran assuming full
reaction activation: no species are left unreacted on the surface and full surface

coverage is obtained. The evolution of the number of OH species on the surface after

each ALD cycle is shown in Figure 3.10.
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Figure 3.10. Number of OH groups on the surface after each ALD cycle, using a

lattice size of 10,000 surface sites: KMC model predictions.

Figure 3.10 shows that, even though full surface coverage is assumed during
each reactant exposure, the number of OH groups on the surface reach a value where
they are regenerated after each cycle, which is lower than the initial number of OH
groups (10,000 surface groups). This value is close to 65% (~6500) of the initial value.
This happens due to the chemistry scheme and the initial condition assumed for the
surface lattice. The surface is assumed to be fully covered by OH, where TMA can
adsorb on two neighboring OH groups. Hence, during the first cycle, more MMA
species will be deposited after the TMA exposure, which occupy two surface sites and
yield one OH group, after the reaction with H20. In the second cycle, due to the surface
topography of OH groups, more DMA species will be deposited. This evolution of the
surface species leads to a surface topography of OH groups, where MMA and DMA

species are deposited in equal proportions, thus regenerating the same number of OH
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groups after each cycle. The evolution of the surface MMA and DMA species deposited

after the TMA exposure of each ALD cycle, is shown in Figure 3.11.

Figure 3.11 shows that the evolution of the surface topography leads to the
deposition of MMA and DMA species in equal proportions (with a discrepancy
associated with the stochastic nature of the KMC method), and the state of the surface
is regenerated after each ALD cycle, once a number of ALD cycles (~50 cycles in the

case of results of Figure 3.10) is simulated, as shown in Figure 3.10.

4000
MMA
—DMA
» 3000
Q
Q
[«}]
& w
'S 2000
o
0
£
=)
< 1000
0
0 50 100 150

ALD Cycles

Figure 3.11. Evolution of the surface MMA and DMA species number after the TMA

exposure, as a function of the ALD cycles: kMC model predictions.

In order to compare the results predicted by the kKMC model with the coarse
graining scheme B, the above model behavior must be taken into account for the
definition of the surface lattice. With the assumption of full coverage of species, the
results of Figure 3.10 show the maximum number of OH species on the lattice surface
that can be predicted by the coarse graining scheme B. This number, as seen by Figure

3.10, is ~ 65% of the initial value. Hence, in order to compare the predictions of the
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kMC model with the coarse graining scheme B to the experimental measurements, the

surface of each surface site of the lattice must be corrected:

0.65

(3.4.14)

Asite = c '
max,0H

Where cmax,0n is the maximum OH concentration on the surface, taken from Haukka

and Root (Haukka and Root, 1994).

Summary — Conclusions

In this chapter, the different computational models developed for the simulation
of the ALD process are presented. The computational strategies and the coupling

between the different models are discussed.

For the investigation of the transport phenomena inside the ALD system and the
study of the process dynamics, two coupled three dimensional CFD models are used,
for the reactant feeding system and the reactor chamber, respectively. The governing
equations include the conservation of mass, momentum, energy and chemical species.
These equations constitute a set of partial differential equation, which are discretized

and solved using the finite elements method.

A wafer scale surface chemistry model is used to simulate the reactions on the
wafer surface. This model is coupled to the reactor CFD model through the interchange
of computational information between the two models, by setting appropriate boundary
conditions on the wafer surface. This coupling between the two models allows to
investigate the effect of process conditions on the chemical reactions, the film

deposition rate, as well as on film properties, such as the deposited film uniformity.
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In order to study the deposition evolution during the initial ALD cycles, an
island growth model, based on geometric principles, is developed. This model does not
take surface chemistry mechanisms into account. It is fed by the combined reactor CFD
and wafer scale surface chemistry model, and is used to study the island formation,

growth and coalescence, until the formation of a continuous film.

The surface chemistry at the nanoscale is studied using a stochastic lattice-kMC
nano-scale chemistry model, dealing with the detailed aspects of chemistry. This model
is fed by the reactor CFD model. Two coarse graining schemes for the surface lattice
and the chemistry mechanisms are used, in order to reduce computational effort. This
model is used to investigate the surface mechanisms in more detail, as well as to extract

predictions for the film properties at the nano-scale, such as surface roughness.
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Chapter 4: ALD reactor dynamics

In this chapter, the dynamics of the reactor are investigated, without the
contributions of surface reactions. As described in Chapter 3, significant difficulties
arise for the modelling of the ALD system. The computational strategy introduced in
Chapter 3 for the ALD system simulation has to be validated. The validation of the
turbo-molecular vacuum pump, as well as the fluid flow and temperature field inside
the ALD reactor during the Ar flow are presented in section 4.1 and 4.2, respectively.
The results of the feeding system simulations are presented in section 4.3. The coupling
of the reactor and feeding system models, as well as the distribution of reactants during
the exposure steps, are shown in section 4.4. Finally, the purging steps of the ALD
process are presented in section 4.5. The results presented in this chapter have been the
subject of a scientific journal article, published in Chemical Engineering Research and

Design (Gakis et al., 2018).
4.1. Vacuum system

4.1.1. Pirani gauge

As a first step, the reactor’s outlet pressure was monitored via the Pirani gauge
during various ALD cycles, as deposition took place. A typical resulting pressure
evolution with time is shown in Figure 4.1, for process conditions of experiment 16 of
Table 2.1. The pressure peaks correspond to the TMA and H2O reactant pulses. As
shown by Figure 4.1, the base pressure of the process ie. the system pressure during
the purge step of the ALD cycle, is set at 0.05 Torr, measured via the Pirani gauge. This
same pressure measured by the capacitance manometer was 0.072 Torr. As presented
in Chapter 3, the starting point for the calculations is the base pressure of the ALD
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process, measured via the Pirani gauge, which is a gas dependent gauge that measures
the pressure of a gas through its thermal conductivity. In order to compare the CFD
model predictions with the experimental measurements, the reading of the Pirani gauge

is simulated using equation 3.1.23.
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Figure 4.1. Qutlet pressure evolution with time during the ALD process for

experiment 16

To validate this approach for the Ar flow, the reactor outlet pressure was
measured, for a varying Ar inlet, using a constant butterfly valve opening at the outlet
(different valve opening than for ALD deposition). Both the Pirani gauge and the
capacitance manometer were active during these measurements, and the relation
between their readings is linear as shown in Figure 4.2. The capacitance manometer
shows the true pressure inside the chamber, while the Pirani gauge reading needs to be
multiplied by a correction factor, equal to the slope of the line that connects the
measured points. The slope of the line is equal to 1.4203, a value very close to the ratio
of the thermal conductivities of nitrogen and Ar (1.4401), as computed using the kinetic

gas theory at the outlet temperature, ie. 270°C.
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Figure 4.2. Comparison between experimental pressure readings by the capacitance

manometer and the Pirani gauge

The above analysis in Figure 4.2 shows that indeed the relation between the
Pirani and capacitance manometer experimental measurements is linear. Furthermore,
this linear relation is close to the one obtained using equation 3.1.23, which assumes a
linear relation between the Pirani gauge reading and ratio of the thermal conductivites
of the gas mixture and nitrogen.. Although the above assumption is not yet validated
for H20 or TMA (isolation valve could not be open during deposition), experimental
measurements of Figure 4.2 show that it can be used for the Ar flow. However, we use
the same assumption for the reactants, as it is the only way to compare the outlet

measurements with the model predictions.
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4.1.2. Vacuum pump

As presented in Chapter 3, the turbo-molecular vacuum pump connected to the
outlet of the ALD reactor has a steady volumetric flow rate for a wide range of working
pressures. This technical aspect of the pump is used for the computational strategy of

the present study, as presented in Chapter 3.

In order to validate the above strategy, the following procedure was followed.
The substrate temperature was set to 300°C, the walls temperature to 270°C, the Ar flow
rates were set to the flows of the ALD process (180 sccm total), and by regulating the
butterfly valve, the base pressure was set to 0.05 Torr, as measured by the Pirani gauge
(0.072 Torr measured by the capacitance manometer). Then, the Ar flows were altered,

in order to monitor the outlet pressure evolution as a function of the total inlet Ar flow.

In the CFD model, the Ar inlet flows were set as during the ALD process, and

the outlet pressure was set to 0.072 Torr. Once the solution was obtained, the computed
volumetric flow rate at the reactor outlet was  Q,,; = 57.1255 5 This volumetric

flow rate was set as an outlet boundary condition instead of the initial outlet pressure.
The Ar flows were changed the same as experimental ones. The obtained outlet pressure
from the computed solution was then converted using equation 3.1.23. The comparison
between the model predictions and the experimental measurements is shown in Figure

4.3.
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Figure 4.3. Outlet pressure vs Inlet Ar flow rate: Model predictions and experimental

measurements

The good agreement between measurements and model predictions with the
conversion of equation 3.1.23 validates the treatment of the vacuum pump operation by
the model. The resulting linear relation between the inlet Ar flow and the outlet pressure
IS as expected, considering that the volumetric flow rate of the pump remains constant
within the typical operating pressure range. From the results of Figure 4.3, the gauge
pressure conversion in equation 3.1.23 is also validated for the case of pure Ar flow.
Once the computational approach for the simulation of the vacuum system has been
validated, the analysis of the Ar flow inside the ALD reactor chamber can be performed.

The results of this analysis are presented in the next section.

4.2. Continuous Ar flow
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4.2.1. Flow field

The continuous Ar flow inside the reactor was first simulated. The inlet Ar flows
were set (100 sccm Top inlet, 30 sccm Side inlet, 50 sccm Loading door inlet), along
with the process temperatures and the outlet pressure was set to 0.072 Torr, as described
in the previous section. The resulting flow field for the temperatures of experiment 16
of Table 2.1 is presented in Figure 4.4. The arrows length is uniform, showing the
direction of the flow.
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Figure 4.4. Calculated flow field for the continuous Ar flow for experiment 16

Figure 4.4 shows that a plug flow develops inside the reactor chamber and close to the
substrate. No recirculation takes place, and the gas flows uniformly around the
substrate. An interesting result is the effect of the Ar flow entering from the loading

door inlet. As Figure 4.4 shows, the loading door flow is suppressed by the top inlet Ar
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flow, near the right edge of the substrate surface. If the top inlet flow rate of Ar is not
high enough, the loading door Ar flow will affect the flow and hence the species

distribution on the substrate surface, that could lead to non-uniform deposition.

To study this effect, the top inlet flow was varied, while keeping the side and

loading door inlets constant. For this analysis, the computed volumetric flow of Q,,; =
57.1255 gwas implemented as an outlet condition, as described in the computational

strategy in Chapter 3, and the previous solutions were used as an initial solution for
subsequent computations. The results of this analysis are shown in Figure 4.5 which

highlights the region of interest.

It appears that the relation between the top and loading door inlet flows plays a
major role on the purging homogeneity inside the reactor. If the top Ar inlet flow is not
high enough, the purging Ar flow coming from the loading door inlet affects the region
above the substrate surface. Increasing the top inlet flow leads to the suppression of this

effect, and leads to uniform purging of the region above the substrate surface.

If the inlet flows are not optimized, the side of the substrate exposed to the
loading door flow will be purged more efficiently than the rest of the substrate surface.
This non-uniform purge of the substrate surface can lead to non-uniform reactant
distribution, and hence non-uniform deposition. The flows used during the ALD
experiments (100 sccm Top Ar flow) are optimized in order to ensure the purging

uniformity.

148



7 4{4,/,(/
W‘- 7777725

%Lﬂ

() (d)

Figure 4.5. Flow field results for a varying top inlet Ar flow: a) 10 sccm, b) 30 sccm,

c) 70 sccm, d) 200 sccm.

4.2.2. Temperature field

The calculated temperature field in the reactor chamber and the temperature
profile on the substrate are shown in Figure 4.6, for the process recipe of experiment

16.
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Figure 4.6. a) Temperature field inside the reactor chamber, b) Temperature profile on

the substrate surface for the substrate center at 300°C.

Figure 4.6a shows that the gas is quite isothermal into the reactor with a
temperature close to that of the walls (270°C), except near the inlet zones where it is
colder and near the substrate where it is hotter (300°C). The substrate is not isothermal
(Figure 4.6b), due to the cooling provided by the gas coming from the vicinity of the
reactor walls. The average temperature on the substrate perimeter is equal to 289°C.
Results also show the effect of the loading door purge. The Ar flow entering the reactor
chamber at 20°C lowers the temperature in the area close the loading door (Figure 6a)
and at the nearby substrate side (at 278°C). The temperature difference between the

substrate center and the loading door side reaches 22°C.

The temperature profile on the substrate for the process recipes at lower
temperatures, namely at 150°C and 200°C, are shown in Figure 4.7. For these process

recipes, the substrate walls temperature is equal to the substrate center temperature.
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Figure 4.7. Calculated temperature profiles on the substrate for the process

recipe at: a) 150°C, b) 200°C

The results of Figure 4.7 show a gradual temperature decrease, moving from the
substrate left part towards the loading door of the reactor. This temperature difference
can impact the deposition process in various ways. For example, it may affect the
adsorption of the species on the substrate. Lower temperature favors adsorption of
reactants on the loading door side of the substrate. Reaction will also be slower on the
colder side of the substrate. Moreover, the minimum purging times required to
effectively purge the reactor depend on the temperature. Lowering the temperature
reduces the H>O desorption rate from the surfaces of the reactor and thus purging should
last longer (Groner et al., 2004). If the purging time is not long enough, the subsequent
TMA pulse will lead to non-ideal, CVD-like reactions on the loading door side of the
substrate, as TMA will react with adsorbed H>O molecules on the substrate surface. An
experimental study has shown the effect of an excess H>O pulse on the thickness
uniformity in a cross-flow reactor, with increased purging times needed to desorb the
remaining adsorbed H>O (Henn-Lecordier et al., 2011). This situation is enhanced at
low process temperature, where the surface reactions are slower and highly dependent
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on the surface temperature. The surface temperature gradient can also affect the number
of hydroxyl active sites present on the substrate (Puurunen, 2005)(Haukka and Root,
1994). Ultimately, it may lead non-uniform film thickness, as it will be presented and

further discussed in Chapter 5.

4.3. Reactant feeding system

In this section, the results on the feeding system simulations are presented for
the simulation of experiment 16 of Table 2.1. The reactant feeding system is simulated
using the computational strategy described in Chapter 3. As described in section 3.1.4,
the pure Ar flow simulation in the ALD reactor is followed by the simulation of the
feeding system. It uses the pressure computed at the reactor’s side inlet as an outlet
pressure condition. This pressure, computed to be 0.142 Torr, is set as the outlet
pressure, and the Ar flow is simulated inside the feeding system, with both of the ALD
valves closed. In Figure 4.8, the pressure and TMA mole fraction distributions inside

the feeding system, with the valves closed, are presented.
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Figure 4.8. Feeding system simulation results for the pure Ar flow, with the ALD valves

closed: a) Pressure distribution, b) TMA mole fraction distribution (experiment 16)

Figure 4.8a shows a high pressure difference between the reactant bottle
(reactant vapor pressure, TMA: 14.55 Torr, H20: 28.65 Torr) and the reactant feeding
system. Upon the ALD valve opening, the reactant is pulsed inside the reactor with a

high velocity flow, driven by this pressure difference.

Once the result is obtained for the flow inside the feeding system with the valves
closed, it is used as an initial condition for the pulsing steps simulations. The
impermeable interface that approximates the ALD valve for each reactant is removed
for each pulsing step respectively. When the valve closes, the impermeable interface is
re-set, until all remaining reactant species are removed from the feeding system. The
total flow rate and the average mole fraction are obtained at the feeding system outlet.
As the outlet of the feeding system is connected to the side inlet of the ALD reactor,
these values will serve as time-dependent inlet conditions for the reactor side inlet, thus
simulating the ALD reactant exposure steps. The flow rates calculated by the feeding
system will be used as an inlet condition for the Navier-Stokes and continuity equations
in the reactor model, whereas the mole fractions will be used as an input to the chemical

species conservation equation.

Figure 4.9 presents the calculated TMA and H20O pulses as a function of time,
in terms of flow rate (4.9a) and averaged molar fraction (4.9b) at the feeding system
outlet. The molar fraction was found to be homogeneous along the feeding system

outlet.
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Figure 4.9. Feeding system model results for the TMA and H20 reactant pulses: a) Flow
rate, b) Molar Fraction averaged at the feeding system outlet (experiment 16 TMA pulse

=25 ms; H20 pulse = 60 ms)

Results of Figure 4.9a show a higher flow rate for H2O than for TMA for the
whole duration of the pulse, leading to an overall higher quantity of delivered H-O.
This is attributed to the higher vapor pressure of H>O inside the reactant bottles and to
the longer opening time of the ALD valve above the H>O bottle (60 ms and 25 ms for
H2>0 and TMA, respectively). It is noted that the initial and final values of the outlet
flow rate of the feeding system after the reactant pulses are 30 sccm, equal to the Ar

carrier gas flow.

As shown in Figure 4.9b, the reactant molar fraction is substantial during both
pulses, whereas Ar represents less than 10% of the gas mixture. Notably, it is predicted
that although the H>O valve opening time is longer and the gquantity of H>O entering
the feeding system is higher, the TMA molecules evacuate the feeding system slower,
i.e the feeding system takes more time to purge. This is attributed to the slower diffusion

rate in Ar of TMA compared to H20O, since the molecules of the former are bigger and
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heavier than the latter. However, the feeding system is purged from both reactants in
0.3 seconds for the conditions studied. The total calculated weights entering the reactor

per cycle are 0.63 mg for TMA and 0.408 mg for HO.

4.4. Reactant exposure steps

After the calculations of the reactant pulses from the reactant feeding system,
the reactant flows and the respective mass fraction evolution during the pulses are
implemented in the reactor model as a transient inlet boundary condition on the reactor
side inlet. The reactant exposures are simulated using time dependent computations,

and the results are presented in the following sections, always for experiment 16.

4.4.1. Outlet pressure variation

In order to validate the coupling of the two models and the overall
computational strategy, the model predictions for the outlet pressure are compared to
experimental measurements. The predicted outlet pressure with the Pirani conversion
(Pconv) variation during three ALD cycles is shown in Figure 4.10 and is compared with

the experimental measurements.
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Figure 4.10. Outlet pressure variation vs time: Model predictions vs Pirani gauge

measurements.

As shown in Figure 4.10, the model predictions for the pressure variation at the
reactor outlet are in good agreement with measurements. In particular, the outlet peak
heights are captured and thus the dynamic response to the reactant pulses. This validates
the coupling of the two CFD models, as well as the computational approach for the

simulation of the vacuum pump and the Pirani gauge.

Regarding the peak widths, it is noticed that the predictions slightly
underestimate the time needed to restore the system to its base pressure for the H.O
pulse. As the pressure reading given by the Pirani gauge is gas dependent, it will vary
with the gas composition. Let us recall that the pressure reading is performed via the
measurement of the gas thermal conductivity, which is inversely proportional to the
molecular mass of the gas. As the gauge is calibrated for nitrogen, a gas with a higher
molecular mass than N2 (28 g/mol) will lead to a lower pressure reading, while a gas

with a lower molecular mass will have the opposite effect.
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During the H20 exposure, the surface kinetics plays a role on the pressure
reading. H20 molecules, despite chemisorbing on the substrate surface, can also adsorb
on the reactor walls. Due to their polar nature, they stick strongly on the reactor walls,
and take time to desorb. Therefore, the time needed for their desorption is significant
and the corresponding purging time will be higher than for TMA. The presence of
colder zones, such as the loading door of the reactor, makes the removal of the adsorbed
molecules more difficult. This is evident from the measured pressure peaks for the H.O
exposure. The pressure at the outlet takes more time to restore to its initial value. Thus,
the larger width of the H2O measured pressure peak at the reactor outlet is attributed to
the adsorption/desorption of H,O molecules on the reactor walls, which are not

considered in the present model.

The above analysis validates the approach for the study of the reactor dynamics
during the reactant exposures. The flow field and the reactant distribution in the ALD
reactor chamber during the reactant exposure steps are presented and discussed in the

following section.
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4.4.2. TMA exposure

As shown in Figure 4.9a, the TMA pulse entering the reactor reaches a peak
above 400 sccm. Due to the high molecular mass of TMA, a high momentum pulse will
enter the reactor chamber through the side inlet, leading to a disturbance of the flow
field. As the flow rate entering the reactor is time dependent, the resulting flow field
inside the reactor main volume will be affected during the exposure steps of the process.
Snapshots of the flow field at different time instants during the TMA exposure are

shown in Figure 4.11.

Figure 4.11. Snapshots of the flow field developed during the TMA exposure, inside
the reactor chamber: a) 10 ms, b) 20 ms, ¢) 30 ms, d) 60 ms, after the start of the

TMA exposure.
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Results show a recirculation inside the reactor, during the first ms of the TMA

exposure step. Notably, one recirculation area is located in the gas phase above the

substrate, while a second one near the reactor top inlet. After 60 ms, the TMA pulse

stops (Figure 10d), and the recirculation disappears. The predicted flow field and, in

particular, the recirculation above the substrate, can have a significant effect on the

gaseous species distribution inside the reactor chamber and then on the substrate.

In Figure 4.12, snapshots of the TMA concentration profiles on the substrate

surface are plotted. The scale for each snapshot is different for the sake of clarity.
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Figure 4.12. Snapshots of TMA concentration profiles on the substrate surface, scales

in r::wol :a) 20 ms, b) 30 ms, ¢) 60 ms, d) 80 ms, e) 100 ms, f) 200 ms, after the start

=
of the TMA pulse.

A non-uniform TMA concentration profile appears on the substrate, during the
TMA exposure. The TMA concentration profile on the substrate evolves along with the
gas flow field inside the reactor chamber. While a recirculation exists in the gas phase
(0-40 ms, snapshots a to c, Figure 4.11), the TMA concentration reaches a maximum
between the substrate center and the loading door side of the substrate, as shown in
Figures 4.12a and 4.12b. Notably, 20 ms after the start of the TMA pulse, the maximum

mol

concentration computed near the substrate exceeds 7-10% - »While the minimum
m

value is seven times smaller, i.e 1-10* m—C;I(Fig. 4.12a), leading to a concentration
m

mol

difference of 93%. The maximum and minimum values are 9-10* and 3-10* —;
m

respectively, after 30 ms. As the side inlet flow rate establishes to its initial value of 30
sccm, the maximum moves to the center of the substrate, as shown in Figure 4.12c. At
that point, the concentrations are lower by two orders of magnitude, compared to the

0 mol

previous time snapshots. The maximum value is 5.8-1 >~ and the minimum is
m

¢ mol

below 5-10° ;- —a difference of 16.3%. It is noted that while the side inlet flow rate
m

is higher, the loading door purging flow effect is suppressed, as shown in Figures 4.11a-
c. However, once the flow rate establishes to its initial value, the loading door purge
starts gaining influence on the species distribution on the substrate surface, as seen in

Figure 4.12c.
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For the time period between 60 ms to 200 ms after the start of the TMA pulse,
snapshots 4.12d to 4.12f show that while the flow field is established, the gas mixture
entering the reactor through the side inlet still contains TMA flowing inside the reactor
chamber. During this period, the loading door purge affects the concentration of TMA
above the substrate surface. As shown in Figures 4.12d and 4.12¢, the loading door Ar
flow purges the side of the substrate exposed to it. The loading door side of the substrate
is exposed to a lower TMA concentration during the whole TMA exposure step after
60 ms from the start of the TMA pulse. The concentrations remain in the same order of
magnitude as in Figure 4.12c. The maximum concentration difference is 15.3% for

Figure 4.12d and 15.6% for Figure 4.12e.

After 200 ms, the side inlet flow consists of Ar only. During the remaining
purging time, the reactor chamber is purged from the already present TMA molecules.
The flow field is established and the resulting concentration profile on the substrate is
shown in Figure 4.12f. This species distribution profile remains constant during the

remaining purging time of the process.

As Figure 4.12 shows, the TMA concentrations on the substrate during the first
ms of the TMA exposure (Figures 4.12a, 4.12b) are significantly higher than the
concentrations at the next time snapshots (Figures 4.12c-4.12f). In order to analyze the
exposure of the substrate to TMA molecules, we have calculated the species flux on the

substrate surface, using the Hertz-Knudsen equation, in terms of m2_°| :

m--s

Flux; = ——
UXi = MRt
4.1)
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The above species flux is integrated over the whole TMA exposure and purging
time of the ALD cycle. The resulting exposure of the substrate to TMA molecules is

plotted in Figure 4.13.
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Figure 4.13. Integral over time of the TMA flux on the substrate surface, scale in —
m

, during the whole TMA exposure and purging time.

The TMA flux integral over time is not uniform; it has a maximum between the
substrate center and the loading door side. This corresponds to the concentration
profiles on the substrate during the TMA pulse, when the recirculation in the gas phase
exists, as shown in Figures 4.12a and 4.12b. This means that the majority of the
substrate exposure to TMA occurs during the first ms of the TMA pulse. The computed
maximum exposure difference on the substrate surface during the TMA exposure is
10.7%. The predicted exposure difference across the substrate surface can lead to
deposited film non-uniformity, especially if the rate limiting step of the process is mass
transfer toward the substrate, i.e at high temperatures. However, if the species flux is

higher than the flux required to cover all available reactive sites, the substrate surface
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will be saturated and the deposited film will be uniform. The effect of the reactant pulses

on the resulting film uniformity is presented and discussed in Chapter 5.

4.4.3. H,0 exposure

Snapshots of the gas flow field inside the reactor during the H20 exposure are

shown in Figure 4.14.

Figure 4.14. Snapshots of the flow field inside the reactor chamber: a) 10 ms, b) 20

ms, ¢) 60 ms, d) 200 ms after the start of the H>O pulse.

During the H2O pulse, as a high flow rate enters the reactor chamber, a
recirculation is again predicted near the reactor inlet. Another recirculation is located
below the side inlet tube connection to the main volume of the reactor (Figures 4.14a,b).
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The recirculation is less significant for H>O than for TMA, and no recirculation appears
above the substrate, contrary to the TMA pulse, despite the fact that the flow rate
entering the reactor is higher than during the TMA pulse (Figure 4.9a). This is due to
the fact that although the molar flow rate is smaller, the mass flow rate is higher, as
TMA is four times heavier than H>O. Hence, the TMA pulse has a higher momentum
than the H>O pulse, thus leading to the recirculation. After 60 ms (Figure 4.14c), the
recirculation disappears, while a high flow rate is still entering the reactor. The side
inlet flow rate returns to its initial value (Figure 4.9a) after 120 ms, and the flow field

inside the chamber establishes to its initial condition.

The effect of the flow on the species distribution on the substrate is shown in
Figure 4.15, where snapshots of the H.O concentration profile are presented. The scale

for each snapshot is different, to highlight the concentration profile.

During the first ms of the H>O pulse, the high flow rate coming from the side
inlet of the reactor suppresses the loading door purging flow, thus leading to a
concentration profile with a maximum at the substrate center (Figure 4.15a). At this

mol

. L . mol
snapshot, the maximum concentration is 4.7 10'4—3 and the minimum 3.03-10""—3
m m

, leading to a maximum concentration difference of 35.5%, As the flow rate from the
side inlet decreases, the loading door purge influences the species distribution, thus
leading to a constantly lower H>O concentration on the loading door side of the
substrate, which is exposed to the purging gas. This gradual effect is shown in Figure
4.15b-e. Figures 4.15b and c correspond to results obtained for a high side inlet flow
rate due to the H>O pulse. However, the momentum of this flow is not high enough to
suppress the loading door Ar flow effect. The maximum concentration differences at

these snapshots are 26.6% and 17.65% for Figures 4.15b and 4.15c, respectively.
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Figures 4.15 d and e correspond to results obtained while the side inlet flow rate has
established to its initial value, however the gas entering the side inlet still has an amount
of water. The maximum concentration difference is 8.7% and 4.5%, respectively; the
concentration minimum is located at the loading door side of the substrate. The H>O
concentration profile on the substrate during the purging step of the reactor is shown in

Figure 4.15f; the remaining water is removed from the chamber.
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Figure 4.15. Snapshots of the H>O concentration profile near the substrate surface,

scales in mm_ol :a) 20 ms, b) 30 ms, ¢) 60 ms, d) 100 ms, e) 120 ms, f) 200 ms after

3

the start of the H20 pulse.

From the predictions in Figure 4.15 it is concluded that during the first ms of
the H20 pulse, the values of the H,O concentrations on the substrate surface are of the
same order of magnitude, unlike the TMA pulse, where it took 30 ms for an almost full
substrate surface exposure to TMA. It is also noted that the overall H,O concentrations

are higher than in the TMA case. As done before, equation 4.1 is integrated over the
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whole duration of the H2O exposure and purge, to yield the total exposure presented in

Figure 4.16.
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Figure 4.16. Integral over time of the H>O flux on the substrate surface, during the
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whole H20 exposure and purge time, scale in —- .

The computed time integral of the species flux shows a non-uniform exposure
of the substrate surface to H20. A lower exposure is observed on the loading door side
of the substrate, while a maximum is calculated on the opposite side. It is shown than
in the H20 exposure, the profile of the substrate exposure to the reactant is different
than in the case of the TMA exposure. For the TMA exposure, the profile is dictated by
the recirculation taking place in the reactor main volume, while for the H.O exposure
it is dictated by the effect of the loading door inlet flow. The maximum total exposure
difference is 6.7%. This value is lower than the corresponding value for the TMA
exposure. The above result shows a significant effect of the loading door purge on the
gaseous H>O species distribution near the substrate. Under ALD conditions, if the H20

exposure is not high enough to saturate the surface, a non-uniform film will be
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deposited, with a lower film thickness on the loading door side. With the mechanism
presented in Chapter 3, two TMA molecules would need three H.O molecules to fully
remove the methyl ligands. This means that the ratio between the H>O and TMA
exposure should be at least 1.5. The ratio between the H,O and TMA exposures exceeds
this value. However, this is only a first approach, since the kinetics of the reactants
chemisorption are not yet considered. The actual reaction kinetics and their interplay
with the transport phenomena described above, are presented and discussed in Chapter

5.

4.5 ALD purging steps

The whole ALD exposures and purging steps were simulated for one complete
cycle of experiment 16. As Ar flows constantly into the chamber, the substrate is
exposed to reactant molecules even during the purging steps. In order to study the
purging efficiency of the reactor, the maximum reactant mole fraction inside the whole
chamber was traced during the ALD pulses and purging steps of the ALD cycle, as

detailed in Figure 4.17, for both reactants.

168



1.0 ¢

0.9 i - Water
08 & - TMA
07 |

0.6

05 |

0.4

0.3 [+

02 \
0.1
0.0 +

- Water
+ TMA

1.E-04

1.E-06

Maximum reactant mole fraction
Maximum reactant mole fraction

-------------------------------------- 1.E-08
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As expected, this maximum mole fraction during the first stages of the exposure
time is close to 1, as the computed reactant pulses have a high reactant composition
(Figure 4.9b). After the reactant pulses, the maximum mole fraction quickly drops, as

the reactor purging step begins.

In order to calculate a minimum purging time, we assumed that when the
maximum reactant mole fraction inside the ALD reactor drops below a threshold, here
taken arbitrarily to 10°®, the reactor is purged. The obtained results are 2.7 s for TMA
and 3.1 s for H2O. Let us recall that these results are obtained by simulating only the
transport of chemical species inside the reactor. In order to get a more reliable value for
the purging time, chemical reaction kinetics and adsorption/desorption of species on
the reactor walls must be taken into account. Enough time must be given to the reactions
to saturate the surface, while the by-products must desorb and diffuse away from the
substrate surface, and be removed from the ALD chamber via convection and diffusion.
The species also adsorb on the reactor walls and the time needed for their desorption

contributes to the total purging time. Especially for the H2O molecules, the slow
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desorption from the reactor walls can significantly affect the purging time, especially
under low temperature conditions, such as on the loading door walls. Hence, the present
model results can provide valuable information regarding the purging efficiency of the
reactor in terms of gas species transport inside the chamber. However, an efficient
minimum purge time will only be predicted when the above described physicochemical
phenomena will be incorporated in the model. The effect of the purge time on the film
growth per cycle and uniformity is experimentally and theoretically studied in Chapter

5.

Summary- Conclusions

In this chapter, the dynamics of the ALD system are studied. The computational
strategy used to simulate the vacuum system is validated by comparing model
predictions to experimental measurements. Both the turbo-molecular pump and the
Pirani gauge pressure conversion were validated, which allowed to proceed with the

study of the transport phenomena inside the reactor.

The complex geometry of the main chamber, as well as the gas inlets were found
to affect the gas flow field inside the reactor. The top inlet Ar flow needs to be high
enough to suppress the flow coming from the loading door inlet. If the top inlet Ar flow
is not high enough, a non-homogeneous purge of the region above the substrate can
take place, which could lead to non-uniform deposition. Furthermore, the non-heated
loading door walls lead to a non-uniform temperature field inside the reactor and affect
the temperature distribution on the substrate surface. The substrate region close to the

loading door is found to have a lower temperature than the rest of the substrate, for all
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process recipes. This temperature distribution inside the reactor can affect the film
uniformity, as it impacts both the ALD reaction kinetics, as well as the desorption of

adsorbed molecules on the reactor walls during the purging steps of the process.

The reactant pulses were calculated from the reactant feeding system, using the
computational strategy described in Chapter 3. The flow rate and composition during
the reactant pulses is calculated at the feeding system outlet and implemented on the
reactor side inlet as a transient inlet boundary condition. The resulting model
predictions for the converted Pirani pressure were compared to the experimental Pirani
gauge pressure measurements. The good agreement between the measurements and
model predictions allows the analysis of the transport phenomena during the reactant

exposure steps.

The substrate exposure to each reactant is monitored by a time integral of the
reactant flux on the substrate surface. A recirculation was found to take place during
the TMA exposure, which leads to non-uniform species distribution on the substrate
surface. For the H>O exposure, a non-uniform distribution occurs, driven mainly by the
loading door purge. These different phenomena leading to non-uniform reactant
distribution can have an impact on the film uniformity, if the reactant exposure is not
enough to saturate the surface during each reactant exposure. However, in this Chapter,
no chemical reactions are taken into account. The impact of the flow field on the

chemical mechanisms and the film uniformity is further discussed in Chapter 5.

Finally, the purging efficiency of the reactor was investigated. The minimum
purging time was found to be 2.7 s for TMA and 3.1 s for H.O. However, this analysis
does not take into account the adsorption and desorption of reactants on the reactor

walls, which can have a serious impact on the minimum purge time duration.
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Specifically, the colder loading door region could be a source of inefficient purge, as
the reactant desorption is slower, due to the low temperature of the loading door walls.

This impact is shown in Chapter 5.

The above analysis shows that contrary to the perception of ALD being
dependent solely on surface reactions, the transport phenomena inside the ALD reactor
can have an influence on the deposited film. The reactor design and the process setup
can lead to non-ideal reactant flow on the substrate, as well as a non-uniform
temperature field inside the ALD reactor. This can affect the uniformity of the deposited
film, as well as the minimum time needed to effectively purge the ALD chamber. The
effects of these aspects of ALD on the deposited film uniformity are presented and

discussed in Chapter 5.
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Chapter 5: Surface reactions and their interplay with

transport phenomena

In this chapter, the detailed surface mechanisms involved during the ALD of
Al,O3 from TMA and H.0, as well as their interplay with the transport phenomena
taking place inside the ALD reactor main volume are discussed. The impact of the
surface mechanisms and the competition between them on the ALD film formation is
presented in section 5.1. The limiting surface mechanisms over the whole range of the
ALD window are identified, and the deposition behavior is explained. In section 5.2,
the detailed aspects of the surface chemistry and their effect on certain film properties
are presented and discussed. Finally, in sections 5.3 and 5.4, the effect of the process
conditions and the transport phenomena on the deposited film uniformity are
thoroughly discussed, thus providing the framework for the optimization of the process.
The results of this chapter have been the subject of a scientific journal article, published

in Chemical Engineering Science (Gakis et al., 2019).

5.1. Surface reactions at the wafer scale

5.1.1. Effect of temperature on the film growth per cycle

In order to analyze the kinetics of the surface reactions, a study of the film
deposition rate as a function of temperature is performed, both computationally and
experimentally, for two different TMA pulse durations. As we assume an ideal ALD
regime, the thickness of the deposited film is divided by the respective number of ALD

cycles used, in order to determine the growth per cycle (GPC). As the fully
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hydroxylated surface is used as an initial surface condition, the GPC obtained by the
chemistry model is not constant from the first cycle onwards. A certain number of
cycles needs to be simulated first, so that the kinetics implemented in the model lead to

a constant GPC as it will be detailed in section 5.1.3.

The thickness of the layer was calculated using the following equation:
— Calp05
ho= My, o, 229 (5.1)

where My, 0, is the molecular mass of alumina, Cyy,0, is the surface concentration (in
mol/m?) of the produced alumina film, and paros is the density of alumina, taken at

3500 kg/m? (Ott et al., 1997).

The comparison of the experimental (experiments 1-12 in Table 2.1) and
calculated GPC at the center of the substrate (Simulated experiments 1-12), as a

function of temperature and the TMA pulse duration, is presented in Figure 5.1.
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Figure 5.1. GPC as a function of temperature. 25 ms TMA pulse: Triangles
(experiments), dashed line (model). 60 ms TMA pulse: Squares (experiments), bold

line (model).

The model accurately predicts the experimental GPC for this range of operating
conditions. Therefore, the model will be used for the analysis of the surface chemistry

mechanism.

When using a 25 ms TMA pulse, for the range of 125-300°C, the measured GPC
increases with temperature from 0.83—— at 125°C (experiment 1) to 1—=_ at 300°C
Cycle Cycle

(experiment 11). This can be explained by the thermal activation of surface reactions,
which under low temperatures is too low. When a 60 ms TMA pulse is used, an overall
increase of the GPC is both measured and computed in comparison with 25 ms. This

implies that the TMA pulse of 25 ms was not long enough to cover the whole surface.

For the experiments with 60 ms TMA pulse, the GPC increases with

temperature in the range 125-200°C, as in the case of the 25 ms TMA pulse, this time

reaching 1.03@. Further temperature increase leads to a slight GPC decrease, with

the value of the GPC at 300°C being 1 ﬁ. This behavior has been reported in other

works (Ott et al., 1997) (Vandalon and Kessels, 2016)(Xie et al., 2015) (Pan et al.,
2015). It is usually ascribed to the activation of the TMA desorption at high
temperature, or the decrease of the surface concentration of OH sites, with temperature

increase.

In our experiments, the GPC value at 300°C (experiments 11 and 12) changes
slightly with the increase of the TMA pulse; at 300°C the OH surface sites were almost
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totally covered even with the 25 ms TMA pulse. This shows that the linear decrease of
the surface concentration of OH sites with temperature (Haukka and Root, 1994)

increase is the limiting factor for the film deposition at 300°C.

The surface chemistry model takes into account species adsorption, desorption,
and surface reaction, as well as the surface OH concentration as a function of the
process temperature, which is original regarding the state of the art. The experimental
behavior reveals a complex mechanism and the surface chemistry model with all the
considered phenomena seems capable to catch this complexity, thus validating our

analysis in the considered parametric window.

5.1.2. Reaction mechanisms

Before discussing the results of the surface chemistry model, the activation
energies associated with each mechanism can give useful insight. Results from Widjaja
and Musgrave (Widjaja and Musgrave, 2002), summarized in Table 3.1, show that the
adsorption step has no activation energy barrier for TMA nor H2O. Hence, as we
assume a steady initial sticking coefficient so for each species as a function of
temperature, the adsorption step, at each time, will depend on the species flux on the
surface and the state of the surface. The adsorbed reactant molecule can then either
react on the surface, with an irreversible reaction, or desorb. These are two competing
mechanisms, taking place at the same time on the surface, and their relative rates will

show whether the reaction or the desorption is more favorable.

Again, results from Widjaja and Musgrave (Widjaja and Musgrave, 2002)
presented in Table 3.1, show that for the adsorbed TMA molecule, the activation energy
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for desorption is higher than the energy barrier to reach its transition state, from which
the irreversible reaction step is exothermic. Therefore, the adsorbed TMA molecule is
more likely to react on the surface, producing DMA and subsequently MMA species,
than desorbing back to the gas phase. The opposite is shown for H,O. The adsorbed
H>O molecule desorption has a lower energy barrier than the irreversible surface
reaction, meaning that the adsorbed H>O molecule is more likely to desorb than react

on the surface.

To study these behaviors as a function of temperature, we introduce a reaction
probability approach. Specifically, we study the reaction probability, pk, of an already
adsorbed molecule k, given as the ratio of the forward surface reaction rate R to the

sum of the rates of the possible events, i.e. reaction and desorption rates.

_ _ Rr
Ry+Rges

Pk (5.2)

Here k denotes that the adsorbed molecules are surface species. If we multiply this
value with the initial sticking coefficient so; for each gas species, we obtain the total
initial probability pi of a gas molecule i to adsorb and react on the surface, fully covered

by available adsorption sites.

Pinit,i = So,i " Pk

(5.3)

Here, i denotes gas phase species. The temperature influence on the initial reaction

probability of the two reactants is shown in Figure 5.2.
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Figure 5.2. Model predictions for the temperature influence on the gas species initial
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DMA/MMA species (dotted line, right hand axis) and H.O on MMAOH species

(dashed line, right hand axis).

At 100°C, the reaction probability of a TMA molecule is pinitTma= 3.77-1073, a
low value due to the low sticking probability (so. rma = 0.004). Once the TMA molecule
is adsorbed, it has a prma= 94% probability of reacting (Equation 5.2). As the
temperature increases, the TMA desorption is activated, and the reaction probability
slightly decreases. At 300 °C, the reaction probability of the adsorbed TMA is
pPrMa=86%, while the overall initial probability is pinit, TMa=3.44-1073. It is seen that the
reaction probability of the already adsorbed TMA on the surface is high for all
temperatures. Hence, the TMA step is limited by the adsorption process, and the low
sticking probability of the molecule. To obtain a maximum coverage of the surface after

the TMA pulse, the pulse duration must be adjusted, so that the TMA chemisorbs on
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the whole substrate surface. The temperature has a small effect on the reaction
probability of TMA. The results for the TMA initial reaction probability are in good
agreement with those experimentally found by Vandalon and Kessels (VVandalon and
Kessels, 2016), presented in Figure 1.10 of Chapter 1, and confirm the small effect of

temperature on the TMA half step discussed in this work.

Figure 5.2 also shows the reaction probabilities of the H2O molecules on the
adsorbed DMA, MMA and MMAOH species. It is shown that for 100°C, the reaction
probability of H20 is 2.4:10* on DMA and MMA, while a lower value of 0.7-10% is
computed on MMAOH. These low probabilities are due to the higher activation energy
for the surface reaction than for desorption. In addition to the higher activation energies
of the H2O reactions, deposition at low process temperatures is also impacted by the
lower energy barrier for desorption of the H.O molecule, leading to incomplete H.O

reactions.

As temperature increases, both surface reaction and desorption are activated,
with the latter at a smaller rate. The resulting reaction probability increases, reaching
9.3-10* on DMA and MMA, and 4.3-10* on MMAOH at 300°C. Based on these values,
our model shows that the limiting mechanism would be the removal of the methyl group
present on the MMAOH species. This could possibly be related to the conclusions of
Vandalon and Kessels (Vandalon and Kessels, 2016) (Vandalon and Kessels, 2017),
namely that isolated CHz groups are persistent and harder to remove during the H2.O

exposure, as detailed in Chapter 1, and presented in Figure 1.10.

The probability of already adsorbed H2O molecules to react are computed to be

Pu,0= 1.72% on DMA and MMA, and py,, =0.5% on MMAOH at 100 °C. With the

increase of temperature, these values reach py,o =6.7% on DMA and MMA and py, o
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=3.1% on MMAOH at 300°C. The sticking probability for the H.O molecules
(So,n,0=0.014) is higher than the TMA sticking probability (So,rma=0.004) thus
showing that the adsorption step is faster for H.O. However, the competition with
desorption is very significant in the H2O case, leading to less than 7% of adsorbed
H>0 molecules to react on DMA, MMA and MMAOH species, even at 300°C. These
values are significantly lower than for the TMA molecules, explaining the longer
exposure times needed for the H.O step, and the effect of temperature on the activation

H>0 reactions (Vandalon and Kessels, 2016) (Vandalon and Kessels, 2017).

The values predicted for the initial reaction probabilities of H.O on MMAOH
are close to the ones in literature taking into account the uncertainty of the
measurements and calculations for the reactant flux reported by Vandalon and Kessels

(Vandalon and Kessels, 2016).

It can then be deduced from these results that the GPC increase with temperature
in the region 125-300°C is attributed to the H>O half reactions, and their competition
with desorption. An increase of temperature favors the H-O reactions with the methyl
groups on the surface, hence leading to a higher GPC. The decrease of the GPC at
higher temperatures can be attributed to two factors. Both the TMA desorption is
favored and the maximum OH groups concentration on the surface decreases with
temperature. However, as Figure 5.2 shows, the relative decrease of the TMA
probability with temperature is not very significant. The decrease of the GPC is thus
attributed to the maximum number of OH groups. This will be further discussed in the

next section.
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5.1.3. Surface coverage dynamics

Figure 5.3 presents the evolution of the surface coverage of all stable (OH,
DMA, MMA and MMAOH) species, as a function of the number of cycles at 150°C
and 25 ms of TMA pulse (simulated experiment 3 of Table 2.1), at the center of the
wafer for the five first simulated cycles. For the sake of clarity, the purge time is
omitted. The exposure step of each reactant is shown as a half-cycle, and each half-
cycle duration corresponds to 1.2 s. This duration has been chosen as after 1.2 s, the
reactant flux on the substrate surface, predicted by the CFD model, is not significant

enough to affect the adsorption-reaction process.

1 ThA Water WA Water ThWA Water ThA Water TMA Water
Pulse Pulse Pulse Pulse Pulse Pulse Pulse Pulse Pulse Pulsa
0.9
0.8
0.7 | pma

e
% | (]
Ei ll(——\wmmH (—
B o \__|\ \ \ A

0.0 05 10 15 2.0 25 3.0 35 4.0 45 5.0

Cycle number

Surface coverage

Figure 5.3. Model predictions of the surface coverage evolution of the four stable

surface species during the 5 first simulated cycles in simulated experiment 3.

Results show that, starting from a fully hydroxylated surface, the surface
coverage of all four surface species reaches a steady regime after a certain number of

cycles. In this regime, the surface state at the end of each cycle is the same as at its start,
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and the GPC is constant. Characterizations (Chapter 6) showed no carbon
contamination. In the simulation, all methyl intermediate species formed during the
cycle, in particular MMAOH, are eliminated during the next cycle and immediately re-
formed in the same proportions on the new reactive surface, so as to have no buried

carbon.

In Figure 5.3, the OH surface species start from a surface coverage of 1 in the
first cycle, while in the steady regime (cycles 4 and 5) the surface coverage of OH
groups at the start and end of the ALD cycle is 0.685. The same trend is observed for
the coverage of the DMA and MMA species, at the end of the TMA pulse. The
MMAOH groups are the most difficult to remove. Hence, during the 3 first cycles of
deposition, the MMAOH coverage of the surface increases after each cycle. Once the
steady regime is established (4" and 5" cycles), the MMAOH serves as an intermediate
species, generated from the hydroxylation of a DMA and removed by the second
hydroxylation of its last methyl group. This explains why the MMAOH coverage on
the surface at the start and end of each cycle in the steady regime remains constant, as

for all the other species.

The above observations confirm that the major mechanisms limiting the ALD
film formation at low temperature such as 150°C are the H2O reactions. However, as
shown experimentally and predicted by the model, an increase of the TMA pulse
duration increases the GPC (Figure 5.3). Indeed, both the TMA and H2O pulses inhibit
the deposition, when using a 25 ms TMA pulse. However, the H>O step is the thermally
activated mechanism, as discussed in the previous section. The H2O reaction with
MMAOH is the main mechanism limiting the deposition at low temperatures. This is
why the increase of the TMA pulse duration leads only to a marginal increase of the
GPC. This is consistent with results of Vandalon and Kessels (Vandalon and Kessels,
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2016), who showed that at low temperature, the alumina thermal ALD process is limited

by the H2O step, which is unable to remove persistent methyl groups on the surface-

When the steady regime is reached, all surface species concentrations present
the same evolution; they are generated and eliminated, and their coverage at the start of
each cycle is the same. This regime is dependent on the surface reactions, their kKinetics
and the reactant fluxes. Hence, the initial assumption of the hydroxyl group
concentration does not affect the GPC results of the model, once the steady regime is
achieved. This however, is valid only if the surface kinetics and the reactant fluxes
result in a deposit that leads to non-full coverage of the surface sites. If the surface
kinetics and reactant fluxes allow the deposition process to cover the maximum OH
group concentration, the deposition is limited by the maximum OH group concentration
value. It will be shown below (Figure 5.4) that this is the case at 300°C, where at steady

state, the initial OH coverage is close to unity.

In order to analyze the effect of temperature on the surface kinetics, the surface
coverage evolution of the four stable species (OH, DMA, MMA, MMAOH) is
presented in Figure 5.4 as a function of the ALD cycle for three different temperatures.
The surface coverages shown are the ones obtained at the center of the wafer once the
steady regime has been reached, using a 25 ms TMA pulse. The purge times are not
shown. As in Figure 5.3, each reactant exposure is equivalent to a half cycle, which

equals 1.2 s, for all temperatures, for comparison.

184



[

OH

=
e
&
2 i
[

o
o

TMA
Pulse

Surface coverage
I
=
Surface coverage
=
=
u

0.1

o
o

=}

0 0.2 0.4 06 0.8 1 0 0.2 0.4 0.6 0.8 1
ALD Cycle ALD Cvcle

(b)
MMAOH

=
I

035 150°C

=]
[
[

200°C

TMA
Pulse
300°C

=T
¥}

Water
Pulse

o
=
w

i

Water
Pulse

Surtace coverage

=4
= 2
Ll

L=]
[

0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 08
ALD Cycle ALD Cycle

(c) (d)

Figure 5.4. Model predictions of the surface coverage evolution of the four stable
surface species during an ALD cycle, for three different temperatures: a) OH species
coverage, b) DMA species coverage, c) MMA species coverage, d) MMAOH species

coverage.

The initial coverage of the OH species during an ALD cycle in the steady state
regime increases with temperature, namely 68.5%, 82.6% and 96.8% at 150°C, 200°C
and 300°C, respectively. It is worth recalling that, for the steady state regime, the
species distribution on the surface is regenerated at the end of each cycle. The DMA,
MMA, MMAOH species present at the start of each cycle in Figure 5.4, are the sum of
the species that could not be removed during the TMA and H-O pulses of the previous

non-steady regime simulated cycles.

During the TMA pulse, TMA molecules adsorb on the OH surface groups, and
react according to reactions (R3) and (R4). So, the OH surface coverage decreases
asymptotically, reaching zero. The DMA and MMA species are created, hence leading

to the increase of their surface coverage. No significant effect of temperature can be
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observed on the kinetics of these reactions. This is consistent with results from
Vandalon and Kessels (Vandalon and Kessels, 2016) (Vandalon and Kessels, 2017), as
detailed in Chapter 1, who showed that the temperature does not have a significant

effect on the evolution of the surface methyl group coverage, during the TMA pulse.

The results are different for the H>O exposure. During the H>O pulse, water
molecules adsorb on DMA and MMA molecules. The H>O reaction leads to the
formation of MMAOH species, on which a second H>O molecule can adsorb and react.
The product of all these surface reactions is the elimination of methyl groups and the
formation of OH groups. So, during the H20 pulse, the OH surface coverage increases
and saturates to the initial value of the OH coverage at the start of the ALD cycle. The
opposite behavior is observed for the DMA and MMA species, whose surface coverage
decreases until they reach their initial value, at the start of the ALD cycle. The MMAOH
surface coverage has the behavior of an intermediate species; it is created during the
first instants of the H.O exposure, as a product of the reaction between DMA and
adsorbed H>O species, and then is eliminated, by its reaction with another H>O
molecule. Indeed, its surface coverage first increases, reaching a maximum, and then

decreases back to its initial value at the start of the ALD cycle.

The effect of temperature on the evolution of the surface coverage during the
H>O pulse is straightforward. At low temperature, the DMA and MMA group
elimination, and then the OH group regeneration are slower. When the temperature is
increased, the reactions are faster, explaining that the OH, DMA, MMA groups are
regenerated or eliminated faster. The faster reactions of H.O and DMA species at high
temperature lead to a rapid formation of MMAOH, which reaches its maximum surface

coverage faster than in the lower temperature regime (<200°C). Then the subsequent
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reaction of MMAOH with H>O is also favored at higher temperature, leading to the

formation of OH groups.

Figure 5.4 also shows the mechanisms responsible for the decrease of the GPC
at 300°C. In the steady state regime of the ALD cycle at 300°C, the initial and final OH
surface coverage is 96.9%, which is higher than in the case of 200°C (82.6%). However,
as shown in Figure 5.1, the GPC decreases from 200°C to 300°C, for the 60 ms TMA
pulse. The decrease of GPC at higher temperature is attributed either to the activation
of TMA desorption and/or to the decrease of the stable OH groups. Results of Figure
5.4 show that the TMA pulse is able to remove almost all the surface OH groups, even
for the 25 ms step. Consequently, the major factor limiting the GPC at 300°C is the
maximum number of OH groups that can be present on the surface. This is also
validated by the fact that when the TMA pulse time is increased to 60 ms, the increase

of thickness at 300°C is minimal.

5.2. Nano-scale model predictions

The nano-scale kMC model is used to extract predictions regarding the detailed
surface chemistry, as well as some microscopic film properties, such as surface
roughness. In particular, the coarse graining scheme As detailed in Chapter 3 is a
simplified chemistry scheme used for the surface roughness predictions and the initial
film nucleation and growth (Chapter 6), while the coarse graining scheme B

corresponds to a detailed surface chemistry scheme.
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Coarse graining scheme A

The resulting GPC as a function of temperature, as computed by the kMC model
using the coarse graining scheme A, is shown in Figure 5.5. The sticking coefficients

used for the model were the same as in section 5.1, i.e. So Tma=0.004 and so H20=0.014.
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Figure 5.5. GPC as a function of temperature: 25 ms TMA pulse (blue) and 60 ms
TMA pulse (orange). Lines: KMC model results (Coarse graining scheme A), Circles:

Experimental measurements.

Figure 5.5 shows that the KMC model can predict the GPC behavior with
temperature, even for the simplified coarse graining scheme A, for temperatures above
150°C. For lower temperatures, the model predicts a lower GPC, due to the fact that it
does not take into account the MMA species deposition. However, the thermal
activation of the reactions at low temperatures and the GPC decrease at higher
temperatures due to the OH concentration decrease can be predicted by this coarse

graining scheme.
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The coarse graining scheme A was also used to calculate the surface roughness
evolution as a function of the number of cycles. The results are presented in Figure 5.6a,
for three different process temperatures. As a qualitative comparison, the results of
Puurunen (Puurunen, 2004) are plotted in Figure 5.6b. They are derived from a random
deposition model, where a defined fraction of the surface is assumed to be covered

during each ALD cycle, as discussed in section 1.3.2 of Chapter 1.
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Figure 5.6. Roughness as a function of ALD cycles. a) kMC model predictions, for
three different process temperatures, and assumed total coverage during each
exposure step. b) Predictions of the random deposition model of Puurunen, for various

predefined surface coverages after each ALD cycle (Puurunen, 2004)

Figure 5.6 shows the qualitative agreement for the predictions of the kMC
model and the random deposition model of Puurunen. As the temperature is increased,
the fraction of the surface covered after each ALD cycle is higher, resulting to more

conformal deposition with a smaller roughness. If total coverage is achieved, the
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roughness of the film is zero, as all the surface is covered after each exposure and a
material monolayer is deposited on the whole surface after each ALD cycle. It is here
reminded that this coarse graining scheme assumes a lattice consisting of adsorption
sites, and does not take into account the substrate or the deposited material structure.
Figure 5.6a shows that after 100 cycles, the roughness is below 1 nm, for all deposition
temperatures. The low surface roughness of the deposited Al.Oz films was also

confirmed by TEM and XRR measurements, presented in Chapter 6.

Coarse graining scheme B

With this coarse graining scheme, the deposition mechanisms were studied in
detail. The computed GPC predictions of the kMC model as a function of temperature
are presented in Figure 5.7, together with the experimental results. A good agreement

is observed.
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Figure 5.7. GPC as a function of temperature: 25 ms TMA pulse (blue) and 60 ms
TMA pulse (orange). Lines: kMC model results (Coarse graining scheme B), Circles:

Experimental measurements.

Figure 5.7 shows that the kMC model can predict the GPC behavior with
temperature, for the detailed chemistry scheme. The model is more accurate for lower
temperatures than in the simplified chemistry scheme. The thermal activation of the
reactions at low temperatures and the GPC decrease at higher temperatures due to the

OH concentration decrease can be predicted by the detailed chemistry scheme.

The computed number of surface events for a 10,000 sites lattice as a function
of the surface temperature is presented in Figure 5.8a, for the H.O exposure, and Figure
5.8b, for the TMA exposure. Results of Figure 5.8 are obtained once the surface has
attained the topography where the number of OH groups is regenerated after each cycle,
and the linear ALD regime is obtained (Chapter 3). The number of adsorption and
desorption events are presented, in order to highlight the competition between the
surface phenomena. The respective behavior of the reaction probabilities, computed as
the percentage of reaction events over adsorption events, are presented in Figure 5.8c

and 5.8d, for the H2O and TMA exposure, respectively.
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Figure 5.8. Top row: Number of surface adsorption and desorption events as a
function of temperature for: a) H2O exposure, b) TMA exposure. Bottom row:

Reaction probabilities for: ¢) H.O exposure, d) TMA exposure.

Figure 5.8a shows that by increasing the temperature, the number of H,O
desorption events is decreased, as the reaction probability is increased, as shown in
section 5.1.2 of the present chapter, and Figure 5.8c. The number of adsorption events
during the exposure is also decreasing with the temperature increase, as fewer
adsorption events are needed to lead to the surface reactions. Once the surface reactions
take place, the number of available sites for adsorption decreases, thus leading to a
lower adsorption probability. The effect of temperature is observed for H,O adsorption

and desorption on all surface species. However, it is more evident in the case of H20O
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on MMAOH species, as the temperature increase has a higher thermal activation of the
surface reaction, due to its higher activation energy, as shown in section 5.1.2 of the

present Chapter and Figure 5.8c.

Figure 5.8b shows the number of TMA adsorption and desorption events on OH
groups. An opposite behavior is observed than for H2O. As the temperature increases,
the TMA desorption is activated, and the number of TMA desorption events increases.
This also increases the number of TMA adsorptions. More adsorption events are needed
for surface reactions to take place and reduce the number of available adsorption sites.
The reaction probability is decreased with the increase of temperature, due to the
activation of desorption, as shown in section 5.1.2 of the present Chapter and Figure

5.8d.

The deposited mass during the ALD cycle at 300°C, for simulated experiment
11 (Table 2.1) once the surface topography has reached a point where it is regenerated
after each cycle (Chapter 3, Section 3.4.4), is presented in Figure 5.9a. Quartz crystal
microbalance (QCM) measurements by Elam et al. (Elam et al., 2002) are presented for

qualitative comparison in Figure 5.9b.
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Figure 5.9. Mass gain evolution during an ALD cycle: a) kMC model predictions, for

simulated experiment 11, b) QCM measurements from Elam et al. (Elam et al., 2002)

Figure 5.9 shows that the model can predict the behavior of the mass uptake
during the ALD cycle. Although the results of Elam et al. are for a process at 177°C,
the mass uptake after one cycle is comparable to the kKMC model predictions (35-40
ng/cm?). This is due to the fact that the reactant exposure times are significantly higher

(1 s) in the work of Elam et al.

The majority of the mass gain is realized during the TMA exposure (~31
ng/cm?). This happens as TMA is deposited (Mtma= 0.072 kg/mol) and one or two CHa
species (Mcns= 0.016 kg/mol) are desorbed, depending on the production of DMA or
MMA species, respectively. As seen in Chapter 3, MMA and DMA must be produced
in equal proportions for the surface OH groups are regenerated. Hence, two TMA
species lead to the deposition of one DMA and one MMA surface species, and

desorption of three CH4 species.

During the H.O exposure, a H20 species (Mn20=0.018 kg/mol) reacts with one
surface CHs species, leading to desorption of one CH4 species (Mchs= 0.016 kg/mol).
Hence, the mass uptake is considerably lower compared to the TMA exposure. In the
results of Elam et al., the mass uptake initially rises during the H.O exposure, followed
by a slight decrease to a constant value. This can be assigned to H20O physisorption on
the already deposited Al,O3 surface, which is finally desorbed during the purging time.
The kMC model does not take into account this physisorption and desorption, and hence

cannot predict this behavior.
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The kMC model predictions for the number of bulk species deposited after the
end of each ALD cycle is presented in Figure 5.10a. The O/Al atomic ratio of bulk

species as a function of temperature after 100 cycles is presented in Figure 5.10b.
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Figure 5.10. a) Evolution of the deposited bulk species number after the end of each

ALD cycle, b) O/Al atomic ratio of bulk species as a function of temperature.

Figure 5.10a shows that after some ALD cycles (~50 cycles), the surface attains
a state where the distribution of surface species is such that the surface can regenerate
itself after each ALD cycle, as discussed in Chapter 3. Once this surface species
distribution is reached, the deposited O and Al species are the same for each ALD cycle,
and their ratio follows the Al>Os stoichiometry (1.5 O/Al ratio). Hence, with the
stochastic KMC model, the stoichiometry can be predicted by the model, without being

assumed as for the wafer scale surface chemistry model.

Figure 5.10b shows that a stoichiometry close to Al>O3 is obtained for all
process temperatures, for the linear ALD regime. Once the surface has attained the state
and surface distribution of surface species where the number of OH groups can be
regenerated during each cycle, the stoichiometry of the deposited bulk species is close

to the Al,Oz stoichiometry, regardless of the temperature. This stoichiometry is
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achieved due to the balance between DMA and MMA species deposited in equal
proportions, as presented in Figure 3.10. Hence, the deposition in equal proportions of
DMA and MMA species, is a valid assumption for the wafer scale surface chemistry

model.

5.3. GPC profile on the substrate

Once validated, it is of main interest to couple the surface kinetic model with
the reactor scale CFD one. In Chapter 4, it was shown that during the TMA pulse, a
recirculation takes place inside the reactor chamber, which results in a non-uniform
species distribution on the substrate surface. Figures 4.11 and 4.12 showed that the
recirculation existing in the gas phase above the substrate affects the species
distribution on the substrate, leading to a higher TMA concentration on the area
between the substrate center and the side of the substrate near the loading door. The
recirculation is due to the high convective flow that enters the reactor chamber during

the first ms of the TMA pulse.

Figure 5.11 shows two alumina thickness profiles obtained in conditions
corresponding to experiment 11 of Table 2.1 (Chapter 2), performed at 300°C. The
profile in 5.11a is computed and was obtained by the coupled reactor CFD and surface
reaction model at the wafer scale.. The profile 5.11b is experimental and was obtained
though ellipsometry measurements on various points, covering the whole surface of the
200 mm wafer. For better visualizing the experimental measurements, the experimental

points are interpolated, and a color map figure was developed in MATLAB®. The two
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color maps of Figure 5.11 have a different color scale, in order to better show the

thickness profile shape.
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Figure 5.11. Profile of the GPC on the substrate surface corresponding to the
experiment 11 (Table 2.1), performed at 300°C. a: Model predictions, b: Experimental

measurements.

Comparison of the two maps reveals a qualitative agreement between model
predictions and experimental GPC mapping. The higher GPC is obtained between the
center of the wafer and the loading door side of the substrate. This GPC profile
corresponds to the TMA species distribution profile on the surface, during the TMA
pulse, as was shown in Figure 4.12. We can conclude that the recirculation taking place

in the gas phase is dictating the species deposition profile on the substrate surface.

In most cases, ALD is considered as an ideal process, dependent only on surface
kinetics. However, results of Figure 5.11, alongside with the results of Figure 4.11 and
4.12 infirm this statement and reveal that the flow field has a direct influence on the

GPC profile.

Figure 5.12 presents the experimentally determined and computed evolution of
the GPC along the surface of the substrate. The results correspond to two process
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conditions, namely to experiments 11 and 12 (Table 2.1), characterized by two different
TMA pulse durations, 25 ms (experiment 11) and 60 ms (experiment 12). Two different

color scales are used: one for the simulation results and one for the experimental

measurements.
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Figure 5.12. GPC profile on the substrate surface. a) Simulated Experiment 11, b)

Experiment 11, ¢) Simulated Experiment 12, d) Experiment 12 (Table 2.1).

The measured GPC profile for experiment 11 corresponds to the gas phase TMA
species distribution on the substrate, as presented in Figure 4.12. When the TMA pulse
is increased (experiment 12), a more uniform GPC profile is obtained. The model

predictions are in good agreement the experimental measurements.
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We set the maximum non-uniformity, as the difference between the maximum
and the minimum GPC obtained along the substrate, divided by the minimum GPC

value:

max—-min

Non — uniformity% = 100 (5.4)

min

The experimentally determined maximum non-uniformity is 2.40% when using
a 25 ms pulse (experiment 11), and decreases to 0.58% for the 60 ms TMA pulse
(experiment 12). The equivalent values for the model are 2.45% for the 25 ms
(simulation 11) and 0.83% for the 60 ms (simulation 12) TMA pulse. The GPC profile
on the surface is also different for the 60 ms TMA pulse. From the above, it can be
concluded that during experiment 11, the TMA pulse duration was not long enough to
allow the adsorption of TMA on all the OH groups. Hence, the recirculation in the gas
phase, which dictates the species distribution on the substrate surface, also dictates the
thickness profile of the deposited film. In the case of experiment 12, the pulse duration
is long enough to cover all the OH groups. Hence, the recirculation in the gas phase no
longer dictates the thickness profile on the substrate. From the above we can conclude
that, in contrast to the preconceived idea that ALD depends only on surface Kinetics,
the uniformity of the deposited film can also depend on the process conditions and

reactor geometry.

5.4. Effect of purge time decrease

In Chapter 4, it was shown that a low temperature zone was present in the

loading door region of the reactor, due to the non-heating of the loading door walls
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(Figure 4.6a). This low temperature zone can seriously affect the purging efficiency,
especially for the H20 exposure. H.O molecules are more difficult to desorb from cold
surfaces. H>O molecules will adsorb on the colder loading door walls and will take time
to desorb. Hence, this increases the minimum purge time required to remove the
reactant species present in the gas phase that could lead to CVD reactions during the
next reactant exposure. The CFD model does not take into account CVD reactions and
adsorption/desorption on the reactor walls. Hence the purging time effect was studied

only by experiments.

In order to see the effect of this low temperature zone on the purging efficiency,
a series of experiments using a reduced purge recipe (experiments 13-15 of Table 2.1)
were performed. Thickness of the deposited film was measured along the diameter of
the substrate, in order to see the effect of the colder loading door zone on the film

uniformity.

The GPC along the substrate diameter is plotted for all four recipes in Figure

5.13.

1.1

00000’ ’0
*» ¢
1.05

[EEY

0.95

GPC (A/Cycle)

A
A A
09 /g g 2 a 6 o o s 08°°

Loading Door
EE—

0.85

-100 -50 0 50 100
Position (mm)

200



Figure 5.13. Effect of the purge time decrease (25 ms TMA pulse). Rhombus: 300°C
reduced purge (experiment 13), Squares: 300°C 5 s purge (experiment 11), Circles:

150°C 20 s purge (experiment 3), Triangles: 150°C 10 s purge (experiment 14).

Reducing the purge time in the 300°C process leads to a significant increase in
the GPC all over the substrate surface (experiment 13). This result can be attributed to
the occurrence of CVD reactions, due to the co-existence of both TMA and H2O in the
gas phase. The GPC profile in the standard purge regime (experiment 11) was found to
be dictated by the recirculation in the gas phase during the TMA pulse, as discussed in
section 5.3. It differs from that of the reduced purge regime (experiment 13). Indeed, in
experiment 13, a higher GPC is found at the side of the substrate exposed to the loading
door. This is attributed to the fact that in the low-temperature loading door zone, there
is a higher concentration of unremoved species, probably H>O molecules due to their

slow desorption (Chen et al., 1994) from the loading door walls.

At 150°C, as the temperature is lower, the purge time needs to be increased
because the desorption and diffusion processes are slower. When using a standard purge
(20 s, experiment 3 in Table 2.1), the loading door side has a higher GPC than the rest
of the substrate. This is caused by the lower temperature close to the loading door for
the 150°C process. The desorption of H2O molecules being even slower, the 20 s
standard purge is not long enough. This effect is also present when the purge time is
reduced to 10 s (experiment 14). In this case, the purge time reduction has no effect on
the whole side of the substrate that is situated on the opposite side from the loading
door. However, on the loading door side of the substrate, the thickness is increased. The
closer we get to the loading door, the higher the GPC increase due to purge time
reduction. This is expected since the low temperature in the loading door region favors
CVD reactions due to unremoved reactants. The maximum non-uniformity was 1.8%

201



for the 20 s purge (experiment 3), while this value increased to 4.2% for the 10 s purge
(experiment 14). This effect was more evident when the purge time decreased at 150°C
to a highly reduced 5 s purge (experiment 15). The effect of the lower temperature of
the loading door zone on the uniformity is shown in Figure 5.14, where the GPC profile

along the substrate diameter is plotted, for experiments 4 and 15.
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Figure 5.14. Effect of the purge time decrease (150°C, 60 ms TMA pulse). Squares:

20 s purge (experiment 4), Triangles: 5 s purge (experiment 15).

The effect of the lower temperature zone in the loading door is clear. For the
experiment 4, the GPC is still higher in the loading door side of the substrate, showing
that the 20 s purge time is not long enough. The maximum non-uniformity is 4.6%,
which is higher than for the 25 ms TMA pulse (experiment 3). When the purge is
reduced to 5 s (experiment 15), the whole substrate has a higher GPC, proving that
CVD reactions take place all over the substrate due to the co-existence of reactants in
the gas phase. However, the GPC near the loading door is highly increased, leading to

a significant increase of non-uniformity (maximum value of 34.5%).
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The above results show that a better design of the reactor with a heated loading
door would allow the reduction of the purge time, ensuring high uniformity, while with
the present design even the 20 s purge is not long enough to remove the influence of
the loading door. This shows that although ALD is perceived as a process dependent
only on surface chemistry, the transport phenomena inside the reactor, affected by the
process design and the reactor geometry can have a major impact on the film deposition.
These results reveal the importance of such studies for the efficient design of the ALD
reactor geometry and optimization of the process conditions, in order to deposit ALD

films of high purity and uniformity.

Summary — Conclusions

In this Chapter, the surface mechanisms involved in the ALD of Al;Os are
thoroughly investigated, with the use of computational models. The model predictions
are compared with experimental measurements and literature results, in order to

validate the approach.

As revealed by a reaction probability analysis, the competition of surface
reactions with desorption is found to be the main factor that limits the deposition at low
temperature. The TMA exposure is limited by the adsorption process, and the
competition with desorption is not significant. However, the H>O exposure is limited
by the competition between desorption and surface reaction of HO with MMAOH
species at low temperatures. The adsorbed H2O molecules on the MMAOH species are
more likely to desorb than react, thus leading to non-full coverage. These results are in

good agreement with the experimental results of Vandalon and Kessels (Vandalon and
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Kessels, 2016)( Vandalon and Kessels, 2017), who showed that the H>O step cannot

remove the totality of the surface CHz groups, during the H>O pulse.

Our work also demonstrates that the decrease of the GPC at higher (300°C)
temperature, previously presented in the literature (Ott et al., 1997)(Vandalon and
Kessels, 2016)(Pan et al., 2015) (Xie et al., 2015) is mainly due to the decrease of the
number of stable surface OH groups present on the surface, which decreases with
temperature (Haukka and Root, 1994), and secondarily to the activation of the TMA
desorption. It is shown that temperature increase does not significantly impact the TMA
kinetics on the surface. However, in the case of H.O, the time needed for reaching
surface saturation was found to decrease with increasing temperature. These results are
also in agreement with those of Vandalon and Kessels (Vandalon and Kessels, 2016)(

Vandalon and Kessels, 2017).

The stochastic kMC surface chemistry model provided estimations for
properties in the nano-scale, with the detailed chemistry mechanisms. The evolution of
surface roughness as a function of the ALD cycles was computed and compared to
models for random deposition previously presented in literature. The deposited mass
evolution with time during a single ALD cycle was also predicted by the model,
yielding a qualitative agreement with QCM measurements presented in literature, for
the same ALD process. Finally, the deposited bulk species after each cycle were
computed by the model. The deposited species could be used to compute the
stoichiometry of the deposited film, yielding Al>Oz stoichiometry. This analysis shows
that such models can be used to extract information about the detailed surface

mechanisms and some microscopic properties of the film.
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The effect of the transport phenomena prevailing in the reactor chamber on film
deposition was investigated, both computationally and experimentally. Results show a
direct link between phenomena taking place in the gas phase, such as the gas
recirculation and low temperature zones presented in Chapter 4, and the resulting film
uniformity, and thus nuance the established vision of ALD as being solely controlled
by surface kinetics. They confirm the necessity to integrate CFD and surface kinetics
coupled modeling analyses to the ALD process design and development, as the
interplay between surface mechanisms and transport phenomena is dictating key

aspects of deposition.
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Chapter 6: Initial deposition steps of Al,Os films on
HF cleaned and in situ plasma pretreated Si

In this Chapter, a complete set of characterization techniques are used to
characterize the initial deposition steps, the composition and the chemical nature of the

deposited Al2O3 films and their interface with HF- cleaned Si.

The island growth model is validated by comparing its predictions to literature
data in section 6.1. In section 6.2, the film growth regime during the initial deposition
steps is studied with the use of XRR measurements and the geometric island growth
model. The film morphology, as well as the interfacial oxide layer thickness and its
evolution with the number of ALD cycles is investigated in section 6.3. The chemical
nature and composition of the interfacial oxide layer, as well as its formation

mechanisms, are presented and discussed in section 6.4.

Furthermore, the effect of an in situ plasma N2-NH3s pre-treatment of the HF-
cleaned Si substrate on the initial deposition steps and the Si substrate oxidation is
studied and discussed in section 6.5. The results of this chapter have been the subject
of two scientific journal articles, published in Applied Surface Science (Gakis et al.,

2019) and Journal of Applied Physics (Gakis et al., 2019).
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6.1. Island growth model validation

The analysis of the initial deposition steps during the ALD of Al,Os from TMA
and H2O is realized using a combined experimental and computational approach. The
experimental investigation consists of XRR and TEM/STEM characterizations,
supported by results from the coupled CFD - wafer scale surface reaction models,
combined with the geometric island growth model presented in Chapter 3. In order to

test the validity of the island growth model, its results are compared to literature data.

The island growth model does not consider chemical mechanisms, and is
dependent only on the geometric characteristics of the island growth. Hence, it is
independent to the deposited material, as long as the deposition takes place in island-
like mode and the material is amorphous (Nilsen et al., 2007). To demonstrate the
validity of the model, its results are compared with literature experimental data, for the
ALD of Al>Oz on Si-H (Besling et al., 2002), PtO2 on Si with native SiO. (Knoops et
al., 2009), and W on SiOz (Elam et al., 2001). In all cases, the initial radius value, ro,
was set to zero. The Ar value was set to the GPC at the linear regime, and the nucleation

density value, Nq, was fitted. The results are presented in Figure 6.1.
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Figure 6.1. Comparison of island growth model predictions with literature data, using
ro=0: Data from literature: Triangles: W on SiO (Elam et al., 2001). Circles: Al>O3
on Si (Besling et al., 2002). Squares: PtO2 on SiO2, (Knoops et al., 2009). Model
predictions: Continuous line: Ng=0.06 groups/nm?, Ar=0.17 nm. Dotted line: Ng=0.09

groups/nm?, Ar=0.07 nm. Dashed line: Ng=0.07 groups/nm?, Ar=0.047 nm.

A good agreement is observed between model predictions and literature data,
proving that the model can be used to analyze the deposition during the first cycles, and
extract an estimation of the nucleation density. The growth mode can be predicted and
characterized, without considering any chemical reactions, but only geometrical
principles, using two fitting parameters. Hence, the initial growth evolution can be
explained by geometrical aspects of the film growth, without assuming an increasing
surface reactivity with the number of ALD cycles. The growth regimes during the first
steps of deposition can be separated and studied, as well as the transition between them.
The nucleation density fitted for the data in Figure 6.1 varies between 0.06 and 0.09

groups/nm?. Nucleation densities derived from the fitting of such models to
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experimental measurements have previously been assigned to surface defect sites

(Puurunen et al., 2004)(Nilsen et al., 2007).

6.2. Initial growth of Al2O3 on HF-cleaned Si

The ALD films, deposited using various numbers of cycles at 300°C, with the
same conditions as experiment 11 in Table 2.1, (TMA pulse: 0.025 s, H>O pulse: 0.1 s,
purge for reactants: 5 s) were characterized by XRR to obtain their thickness. The XRR
measurements and fit are shown in Figure 6.2a. The island growth model was fitted to
the obtained XRR thickness, as shown in Figure 6.2b. For the island growth model, the
GPC at the linear regime calculated from the reactor and wafer scale chemistry model
was implemented as a value for Ar (0.1 nm/cycle). The initial island radius was set to
zero, and the nucleation density, Ng, was fitted to the thickness derived from the XRR
measurements. The predicted evolution of the GPC and the different growth regimes

are shown in Figure 6.2c.

Results of Figure 6.2b show that an induction period occurs during the initial
stages of AlOs ALD on H-terminated Si. This behavior has been previously reported
by Puurunen et al. (Puurunen and Vandervorst, 2004)(Puurunen et al., 2004) for the
ALD of alumina on Si-H. This is due to the low reactivity of the Si-H surface towards
ALD reactants (Frank et al., 2003)( Halls and Raghavachari, 2003). This low reactivity

prevents TMA and H.O to deposit on the surface.

Nucleation is reported to start on surface defect sites (Puurunen and
Vandervorst, 2004)(Puurunen et al., 2004)(Frank et al., 2003), such as surface OH

groups or oxygen bridges that have not been totally removed during the substrate
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cleaning process. Then, subsequent exposure leads to preferential deposition of the
reactants on the already deposited material and its adjacent surface sites (Puurunen and
Vandervorst, 2004)(Frank et al., 2003), thus leading to the formation of islands, as
assumed by the island growth model. The good agreement between the island growth
model and the XRR measurements shows that indeed island growth can explain the

apparent initial growth evolution of the film.
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Figure 6.2. a) XRR measurements and fit. b) Layer thicknesses derived from XRR
fitting (rhombus) and island growth model predictions (dashed line) for the ALD of
Al;0O30n a H-terminated Si substrate. ¢) Evolution of the GPC as a function of the
number of cycles: model predictions, using Ar = 0.1 nm. Model fitting parameters:

Ng=0.08 groups per nm?, ro=0 nm.
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The fitting of the model yields to an estimation of the surface concentration of
the initial nucleation sites, i.e. the surface defect sites. The GPC at the steady ALD
regime is 0.1 nm/cycle, taken from the ellipsometry measurements and the wafer scale
surface chemistry surface kinetic model presented in Chapter 5. Thus, by setting
Ar=0.1nm, the resulting Nq value needed to fit the model to the XRR measurements is
Nd=0.08 groups/nm?.If this value is assigned to OH groups, it is 1.27% of the surface
concentration of OH groups on silica at 300°C, as reported by Haukka and Root
(Haukka and Root, 1994). This means that the HF cleaning is efficient to remove the

native oxide layer.

As the number of cycles increases, island growth and coalescence occurs. The
different regimes are dictated by the state of the growing islands and are shown by the
characteristic evolution of the GPC in Figure 6.2c. Islands growing freely on the surface

increase the available surface for deposition and hence the GPC is enhanced. This

occurs untilrzrcl_zzg,as described in Chapter 3. In the present case, this

happens after 18 ALD cycles. From the moment the islands start to coalesce, the
surface available for deposition starts to decrease, until the formation of a continuous

V2b

film. This happens when r = r.,_3 = 5 which in the present case is after 25 ALD

cycles. This prediction is in agreement with the experimental observations of Puurunen
etal. (Puurunen et al., 2004). From then onwards, the coalescence continues, decreasing
the surface available for deposition, and thus the GPC, until layer by layer growth is
reached, where the GPC becomes constant. The above analysis shows that at least 25
ALD cycles must be performed, in order to obtain a continuous Al,Oz film. This

approach also shows that the evolution of the film growth can be explained by the
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geometric aspects of nucleation and growth, without assuming an increasing surface

reactivity with the number of ALD cycles.

In order to validate this effect, the island growth model is compared to results
of the stochastic KMC model, using the coarse graining scheme A. For the KMC model,
the surface is initially assumed to be covered by Si-H species. The activation energies
for desorption and surface reactions of the adsorbed reactants on the Si-H species are
taken from Halls and Raghavachari (Halls and Raghavachari, 2003). A concentration
of surface defects, corresponding to OH species is assumed a priori. These surface
defects are then randomly distributed on the surface. Once an Al.O3 group has been
deposited on the surface, its neighboring Si-H sites are assumed to be hydroxylated and

become OH sites, hence making deposition on those sites more favorable.

The computed thickness evolution for the island growth model (Ng=0.08
groups/nm?, ro=0 nm, Ar=0.1 nm/cycle) and the kMC model assuming 1%, 3%, 5%
and 8% of the initial surface being covered by OH defects, is plotted in Figure 6.3a, and
compared to the thickness derived from the XRR measurements. The computed GPC
from the different models is shown in Figure 6.3b. Finally, in order to compare to the
GPC derived from XRR measurements, the averaged GPC for the models after the
respective number of cycles of the deposited samples (5, 10, 20, 30, 50, 75, 100, 150,

200 cycles), is shown in Figure 6.3c.
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Figure 6.3. a) Thickness evolution as a function of the number of cycles: kMC model,
island growth model and thickness from XRR. b) GPC evolution as a function of the
number of cycles: KMC model, island growth model. ¢) Average GPC evolution as a
function of the number of cycles: kMC model, island growth model and GPC from

XRR.

Figure 6.3a shows the different behavior of the models. The KMC is unable to
fit the XRR thickness for 1%, 3% and 5% of initial OH defect concentration of the
surface. Although the KMC model with an 8% of initial OH defect concentration
provides a better agreement, it nonetheless cannot fit the measurements as well as the
island growth model. This is due to the different behavior of the thickness evolution,

due to the three-dimensional geometrical aspects of the growth, such as the increase of
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the available surface for deposition and island coalescence, as previously discussed.
The kMC model does not take these aspects into account, and hence cannot predict the

thickness evolution behavior. This is evident in the GPC results of Figure 6.3b.

For the kMC model predictions, the GPC starts from zero and increases until
reaching the value of the linear ALD regime (0.1 nm/cycle). By altering the initial OH
concentration, the model reaches this value in a lower number of cycles, as the surface
is more quickly covered by ALD material. However, the kMC model does not take into
account the three dimensional islands, and only computes deposition on already
determined surface sites. On the other hand, the island growth model takes into account
the three dimensional aspects of the growth and the island coalescence, as previously

described, and predicts the evolution of the surface available for deposition.

Figure 6.3c shows the averaged GPC over the number of cycles used for each
deposited sample, in order to be able to compute with the average GPC derived from
the XRR measurements. Figure 6.3c indeed shows that the behavior of the GPC is better
predicted by the island growth model, hence validating the island growth regime during

the first cycles, and the effect of the island coalescence on the ALD growth evolution.

Having validated the above approach with experimental measurements, the
computational analysis can be extended to study the effect of the process conditions,
such as the process temperature and the TMA pulse duration, on the initial steps of
deposition. This is done by setting the Ar value equal to the predicted GPC from the
reactor and wafer scale chemistry model (Figure 5.1), for each set of process
parameters. The nucleation density is assumed to be independent of the temperature

and is set to the value derived by the fitting of the island growth model to the XRR
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measurements: Ng=0.08 groups/nm? The effect of temperature and TMA pulse

duration on the thickness evolution is presented in Figure 6.4.
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Figure 6.4. Thickness evolution predicted by the island growth model as a function of
the number of cycles. Black lines: 125°C, Blue lines: 200°C. Continuous lines: 0.025 s

TMA pulse, Dashed lines: 0.060 s TMA pulse.

Figure 6.4 shows that the temperature increase between 125°C and 200°C leads
to a slight decrease of the nucleation period. The TMA pulse duration increase between
0.025 and 0.060 s has the same effect. As the GPC is smaller during these first steps,
more cycles are needed to obtain a continuous film. Specifically, 32 cycles are needed
to obtain a continuous film at 125°C, using a 0.025 s TMA pulse. Increasing the TMA
pulse to 0.060 s, reduces the number of cycles needed to 30. For the ALD at 200°C, 26
cycles are needed to obtain continuity with a 0.025 s TMA pulse, while this value is

incrementally reduced to 25 cycles, with the 0.060 s TMA pulse.
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6.3. Morphological characterizations of Al2O3 films on HF-

cleaned Si

For the morphological characterizations of the films, a series of samples was
deposited at 300°C, with the same conditions as experiment 11 of Table 2.1 (0.025 s
TMA pulse, 0.100 s H20 pulse, 5 s purge for both reactants), using different number of
cycles. The obtained Al>Os films after different numbers of ALD cycles were
characterized by TEM. The bulk of the Al2Os is distinguished from the Si substrate and
the C capping layer. The films are all amorphous, confirmed by Fast Fourier Transform
(FFT) analysis of the TEM images, in contrast to the crystalline Si substrate. The TEM

images of the film deposited after 200 and 550 ALD cycles are shown in Figure 6.5.

Interface e
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Figure 6.5. TEM images of ALD Al.Os layers after a) 200 cycles, b) 550 cycles

It is seen that the Al2Os film is uniform and conformal. It is distinguished by a
darker contrast than both the Si substrate and the C capping layer. The ALD layer after
200 ALD cycles (Figure 6.5.a) has a thickness of ~20.3 nm. The GPC computed from
the wafer scale surface kinetics model, as well as the GPC derived from the XRR and
ellipsometry measurements are consistent with this measurement. A similar GPC was

also measured for the sample deposited using 550 ALD cycles (Figure 6.5b).
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An interfacial layer between the ALD film and the Si substrate is also observed
in Figure 6.5 as a bright-contrast layer. Literature reports have previously shown the
presence of this interfacial layer, between the Al.O3 film and the Si substrate (Kaur et
al., 2017)(Chang et al., 2004)(Werner et al., 2011), as presented in Figure 1.12 and
discussed in Section 1.2.3.2 of Chapter 1. This interface is reported to mainly consist
of Si oxides (Renault et al., 2002)(Naumann et al., 2012)(Gosset et al., 2002), formed
by interdiffusion of Si and O species. To further investigate the interfacial layer
morphology and film evolution, TEM images of the Al,O3 films formed after 5, 20 and
200 ALD cycles, deposited with the process conditions of experiment 11 in Table 2.1,
are shown in Figure 6.6. The films deposited using 5 and 20 ALD cycles were

characterized by STEM in bright-field, for a more clear distinction of the interface.

()
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Figure 6.6. TEM and STEM images of ALD Al>Os layers using: a) 5 b) 20 ¢) 200

cycles

For the sample deposited using 5 cycles (Figure 6.6a), the STEM micrograph
shows no clear distinction between an Al.Oz layer and the interface. According to the
island growth model and the results of Puurunen et al. [16], the deposition is still in the
nucleation period, where island growth takes place. A layer with a varying darker
contrast could be argued to be present between the C layer and the brighter contrast
oxide layer. It could be attributed to islands closely behind each other in the cross-
sectional sample, giving the appearance of a continuous layer (Puurunen et al., 2004).
The layer’s varying contrast consolidates this explanation. For this sample, a combined
layer of ~1.6 nm is measured between the crystalline structure of the Si substrate and

the brighter contrast of the C layer.

For films deposited using 20 and 200 cycles (Figures 6.6b and 6.6c,
respectively) the interfacial layer is clearly visible and can be distinguished from both
the Si substrate and the Al,Os layer. The measured Al,Os and interface layer thicknesses

by the TEM and STEM analysis are summarized in Table 6.1 for all samples.

An interface of ~1.8nm was measured for the 20 cycles sample (Figure 6.6b),
while the 200 cycles sample showed an interface of ~2 nm (Figure 6.6c¢). The interfacial
layer thickness is close for both samples, which shows that between 20 and 200 cycles,
little or no Si oxidation took place. So, after a certain thickness, the Al>Os layer serves
as a diffusion barrier for Si and O species. This has been previously reported for the
Al>Oz deposition on Cr surfaces, where a thin thermal ALD Al>O3 layer was found to
serve as an efficient diffusion barrier to prevent Cr oxidation during subsequent plasma

enhanced ALD (Foroughi-Abari and Cadien, 2012).
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The 20 cycles sample (Figure 6.6b) also exhibited a slightly higher roughness
on its interface with the C capping layer. This is attributed to the end of the island
growth mode. According to the island growth model, the island coalescence has started
at that point and a continuous layer is obtained only after 25 cycles. The varying contrast
along the layer in Figure 6.6b could be assigned to this phenomenon. In their work,
Puurunen et al. (Puurunen et al., 2004) revealed the Al>Os islands on Si, by in situ
depositing an amorphous Si layer on top of their samples. When the Al.Os layer was
not continuous, the deposited Si aligned epitaxially on the Si substrate, thus making the
Al;Oz islands visible. They estimated that the film becomes continuous between 20 and

30 cycles, in agreement with the predictions of the island growth model presented here.

No. of ALD cycles Al203 thickness (nm) Interface thickness (nm)
5 1.6 (impossible to distinguish between film and interface)
20 ~1.3 ~1.8
200 ~20.3 ~2
550 ~55.4 ~2

Table 6.1. Experimental thickness of the Al,Oz film and of the interfacial layer

measured by TEM and STEM, for all samples
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6.4. Chemical composition of Al2Os films and their interface

with HF cleaned Si

The deposited films were characterized by XPS, in order to study the chemical
nature of the deposited films and their interface with Si. The Al 2p, O 1s and Si 2p
spectra are presented in Figure 6.7, for ALD films deposited using 10 and 50 cycles.

The intensity scales have been adjusted to highlight the different features of the spectra.
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Figure 6.7. Al 2p (top), O 1s (middle) and Si 2p (bottom) XPS spectra for Al,O3 films

deposited using 10 (left) and 50 (right) cycles

Figure 6.7 shows that Al is detected on the surface even for the 10 cycles
sample. Although the intensity is lower than for the 50 cycles one, the peak position is
the same. The main peak is located at 74.77 eV and can be simulated by a doublet peak,
showing the presence of O-Al-O bonds. The Al 2p peak for both samples could also be
fitted by a single symmetrical peak at 74.77 eV. From the TEM analysis performed on
films deposited with just a few cycles (<20), the deposited layer could not be
distinguished, probably due to the fact that the film growth is still in the island regime
(as shown by the island growth model, Figure 6.2) and no continuous ALD layer has
been deposited on the surface. However, Figure 6.7 shows a clear Al 2p peak, meaning

that Al has already been deposited on the surface.

The O 1s spectra were fitted using a main peak at 531.8 eV, assigned to Al-O
bonds. A small contribution from a second peak at 533.3 eV was also used for the
fitting. Renault et al. (Renault et al., 2002) attributed such a peak situated at AE=1.3-
1.4 eV higher in energy than the main O 1s peak to Al-OH species. The presence of
these species are consistent with the chemistry of TMA and H.O (Puurunen, 2005). As
presented in Chapters 3 and 5, TMA deposits on the surface in the form of AI(CH3)x
species. During the subsequent reactant exposure, H20 reacts with the surface species,
leading to the formation of Al-OH species, and CHs as a byproduct. Non-complete
coverage of the AI-OH species during the next TMA exposure can lead to the

incorporation of those AlI-OH species in the film bulk.
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The Si 2p spectra presented in Figure 6.7 show the chemical nature of the
interface. For both samples, a clear doublet peak is situated at 98.9 eV, which is
attributed to elemental Si°. This shows that the depth of the analysis reaches the Si
substrate, for the 10 and 50 cycles samples. A second peak is situated at 102.3 eV, for
both samples, to a AE=3.4 eV from the Si® peak. This AE value assigns this peak to Si
into higher oxidation states, such as Si** and Si**. In Figure 6.7, this peak has been fitted
by a doublet peak. However, different deconvolution schemes have been presented in
the literature. By using the data treatment of Renault et al. (Renault et al.,2002), a peak
at AE=3.01 eV is found in our results, between the Si** and Si?** peaks. This peak has a
AE that is too high to be assigned to Si®*, and has previously been attributed to Al-
silicate bonds (Renault et al., 2002). This analysis concludes in the existence of multiple

oxidation states of Si at the interface, including the presence of Al-silicates.

In order to study the elemental composition along the film depth, probing of Al,
Si, and O species was performed by EDX on TEM cross sections. Measurements were
performed along a straight-line perpendicular to the sample surface, starting from the
Si substrate and the obtained elemental profiles, excluding carbon, are shown in Figure
6.8 for samples after 5, 20 and 200 cycles. In order to study the passivation efficiency
of the Si substrate pre-treatment, the EDX measurements along the film depth are also
shown for the HF-cleaned Si substrate without Al>O3 deposition in Figure 6.8. Although
this analysis is qualitative, it provides valuable insight for the evolution of the film and

of the interface
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Figure 6.8. EDX measurements along the film depth for a) Si substrate without ALD

b) 5 cycles Al>Oz¢) 20 cycles Al203d) 200 cycles Al20:s.

A very small rise on the O counts is detected on the Si surface (interface between

Si substrate and C capping layer), for the substrate sample without deposition (Figure

6.8a). This shows that the HF cleaning of the substrate removes the majority of surface

oxides, leaving the surface H-terminated. The Si-H surface is passivated towards

oxidation. Frank et al. showed that the Si-H surface does not react with deuterated

water, D20, even after repeated D.O exposures (Frank et al., 2003). They report a weak

O presence on H-terminated Si(100) substrates, attributed to defect sites (Si-OH)

remaining on the surface after the substrate cleaning due to the higher atomic roughness
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of the Si(100) surface (Frank et al., 2003). Halls et al. performed theoretical studies
using DFT calculations on the H- terminated Si surface reactions with TMA and H20
(Halls and Raghavachari, 2003). Their results confirm the low reactivity of the surface

towards both reactants.

The small amount of detected O on the surface is therefore assigned to such
surface defect sites, like O bridges or Si-OH groups that have not been appropriately
removed, or to SiOx formed after the sample exposure to air. The ALD nucleation
during the first ALD cycles is reported to take place on such defects (Puurunen et al.,
2004)(Puurunen and Vandervorst, 2004)(Frank et al., 2003). The island growth model,
fitted to the XRR measurements, estimated the surface concentration of those defects,
at 0.08 groups/nm?. This corresponds to 1.26% of the surface concentration of OH sites
on the SiO2 surface, at 300°C (Haukka and Root, 1994). The ALD film starts forming
on those defects. Then, subsequent deposition of Al on the surface catalyzes further
Al>Ozdeposition on nearby sites, as well as substrate oxidation (Frank et al., 2003)(Lim

et al., 2000).

This effect is seen on the Al, O, Si profiles on a 5 cycles Al,Oz sample on Figure
6.8b. In this case, between the Si substrate and the C layer, a clear peak on the O counts
is observed, together with a small peak of Al. The presence of Al was also detected by
XPS on a 10 cycles Al,O3 sample (Figure 6.7). These results show that after 5 cycles,
only a very small amount of Al has been deposited. This is consistent with the island
growth model results and XRR measurements. After 5 cycles, the film deposition is
still in its nucleation period and only small Al>Osislands are deposited. However, even
on the 5 cycles sample (Figure 6.8b), the O peak is more significant than on the substrate
sample (Figure 6.8a). Starting from the Si substrate and moving to the C layer, the O
counts increase before the appearance of Al. This is attributed to the oxidation of the Si
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substrate, with an oxidation of the Si substrate under the Al.Oz deposition. This result
shows that the Al deposition enhances Si oxidation, even at low Al surface
concentration (Frank et al., 2003)(Lim et al., 2000). Frank et al. also showed that after
the first TMA pulse, subsequent D>O exposures lead to subsurface oxidation of Si
(Frank et al., 2003). By using the full width at half maximum (FWHM) of the element
count peaks, the total thickness of the oxidized layer can be estimated at ~1.93 nm, of
which ~1.63 nm consist of SiOx with no traces of Al, while the thickness where Al was
traced is ~0.3 nm. These values show a slightly higher thickness of the oxidized layer

than in Table 6.1.

Figure 6.8c shows an Al.Oz sample deposited with 20 cycles. The clear Al and
O peaks in the profile are due to the deposition of Al>Os. Our island growth analysis
shows that after 20 cycles, the growth regime is near the end of the island growth
regime, however non continuity of the film was still predicted. By using the FWHM of
the element count peaks, a region of ~1.5 nm is deduced, where only Si and O species
are present, thus confirming the formation of a SiOx layer. A ~0.7 nm region, where Si,
O and Al species are all present, then is detected before the Al>Oz layer. This region can
consist of Al-silicates or a mix of SiOx and AlOx. The presence of Al-silicates has also
been reported before (Renault et al., 2002), and is one possible conclusion from this
XPS analysis (Figure 6.7). The total thickness of the interface containing Si is 2.2 nm,

slightly higher than the one measured by TEM (Table 6.1).

The proposed mechanism for the Si oxide formation is the diffusion of O species
from the deposited Al>O3 film (Foroughi-Abari and Cadien, 2012), leading to Si
oxidation. However, the reaction of H,O with surface Si groups during the island
growth where the surface is not fully covered by the ALD film, catalyzed by the
presence of Al, has also been suggested as a mechanism for the interfacial oxide
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formation (Frank et al., 2003)(Naumann et al., 2012). Naumann et al. reported that the
OH groups formed during the initial island growth lead to the formation of SiOH
species (Naumann et al., 2012). These species lead to further substrate oxidation after
further increase of the ALD cycles. Xu et al. showed that by using a long exposure to
TMA prior to ALD deposition, the interfacial Si oxide thickness is strongly restricted
due to the covering of a larger fraction of the surface by Al species (Xu et al., 2006)
(Xu et al., 2006). Thus, oxidation by H>O and surface OH groups of the non-covered
Si surface is restricted. The diffusion of O through the ALD layer is also a possible
source of oxidation, which is however limited as the ALD film continues to grow due

to the presence of Al>Osas a diffusion barrier.

The EDX elemental profiles for the sample deposited using 200 ALD cycles
shown in Figure 6.8d, reveal the several nm thick Al2Os film. Within the bulk of the
Al>;Osfilm, a uniform Al and O concentration is measured by quantitative analysis (not
shown), with a Al/O ratio close to the Al.O3 stoichiometry. Using the FWHM of the
count peaks, a 1.2 nm interface is deduced, containing Si, O and Al. This value is

smaller than the one measured by TEM (Table 6.1).

ToF-SIMS allows detailed investigation of the chemical composition of the film
along its depth. Figure 6.9 shows the elemental profile of the 200 cycles sample from

the surface to the substrate.
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Figure 6.9. SIMS depth profiles for the 200 ALD cycles sample

The SIMS analysis shows a uniform concentration profile for Al and O species
in the core of the film, where no Si is detected. This confirms that during the ALD
regime, the Al,Oz film is deposited with constant composition during each cycle. The
surface is regenerated after the end of each ALD cycle, and the deposition process is

repeated.

When the sputtering reaches the interface, the AlO and O counts decrease, until
the Si substrate is reached, where AIO and O are no longer detected. The Si signal has
the opposite behavior: Si counts start to increase at the same sputtering time where the
AlO and O counts decrease, until the Si substrate is reached where the Si counts remain
constant. The behavior of Al counts is different. First, they start to decrease when
sputtering reaches the interface. Then, the Al counts increase exhibiting a small peak in
the interface, before decreasing to zero in the Si substrate region. This leads to the
distinction of two regions in the interface: an Al depleted region at the top of the
interface, close to the core of the ALD film, and an Al enriched region, in the interface.
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The different behavior of the Al and AlO depth profiles within the interface witness a
possible different chemical environment of Al within the interface. Al could be present
in the interface in different from Al2Os states, such as Al-silicates. Gosset et al. also
performed SIMS characterizations on ALD deposited AlO3z on H-terminated Si (Gosset
et al., 2002). They observed a similar behavior for the Al and OH species at the
interface. After annealing in N2 at 800°C and 1000°C, they observed Al and H diffusion
from the interface towards the film bulk. Al diffusion from the interface towards the

surface during thermal annealing has also been shown by Krug et al. (Krug et al., 2000).

The SiO and SiOH depth profiles also show a similar behavior: in the interface,
SiO and SIOH counts increase, exhibiting a peak of their concentrations, before
decreasing as the Si substrate is reached by the sputtering. These peaks appear at the
same position as the Al peak, thus confirming that within the interface a different
chemical environment of Al is present. These results show that Al, O, Si species are all
present within the film interface, as indicated by EDX results in Figure 6.8. The
interface, formed by interdiffusion and reaction of species during the first ALD cycles,
is hence a mixture of SiOx, AlOx and SiOH. The presence of Al silicates is also possible,

as discussed in the XPS analysis (Figure 6.7).

Al-OH groups have been suggested to enhance O diffusion and Si oxidation, as
bulk defect sites (Gosset et al., 2002). The analysis of O 1s spectra from XPS (Figure
6.7) yields a small contribution that has previously been assigned to Al-OH bonds
(Renault et al., 2002). The SIMS results of Figure 6.9 reveal the presence of the SiOH
groups in the interface. This presence could be the source of the substrate oxidation
during the island growth regime (Naumann et al., 2012). The SiOH groups are formed
during the island growth regime that takes place during the first cycles of deposition.
The mechanism for their formation could be the reaction of Al-OH species created from
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the ALD surface chemistry (Puurunen, 2005)(Vandalon and Kessels, 2016)(Vandalon
and Kessels, 2017)(Seo et al., 2018) with Si surface species, which are non-fully

covered by Al species during the island growth.

6.5. Effect of Si surface pretreatment

In this section, the effect of an in situ N2>-NHz plasma pre-treatment of the HF-
cleaned Si surface on the ALD of Al>Os from TMA and H2O is presented. The ALD
films deposited on the HF cleaned Si surfaces are onwards called non-pre-treated or
NPT samples, while the ALD films on the HF-cleaned and in situ N2-NH3 plasma pre-
treated Si are called pre-treated or PT samples. In order to directly compare NPT and

PT samples, some results from the previous sections are presented again.

6.5.1. Si surface pretreatment

Figure 6.10a presents a STEM-HAADF image taken from the N2-NH3 plasma
pre-treated Si (100) samples, with no Al>Oz deposition. It appears that an amorphous
layer has been formed (PT layer) due to the pre-treatment on the Si surface (Figure

6.10a), whose thickness is ~1.8 nm.

Brewer et al. reported the formation of a SixNy layer after the exposure of Si to
N2-NH3 plasma, at temperatures above 380°C (Brewer et al., 2004). In the present case,
even at 300°C, it is evident that an amorphous layer has been formed on the Si surface.
This is due to the use of N>-NHzs plasma, instead of thermal nitridation with N2-NHs.

Furthermore, in the work of Brewer et al., the plasma N2- NHz gas mixture for the
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pretreatment had a lower NH3 molar composition (4%) compared to the present study

(16.67%) (Brewer et al.,2004).
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Figure 6.10. a) STEM image of the NHz plasma pretreated substrate b) EDX analysis

along the film depth: N (black), O (green) and Si (blue) depth profiles

To investigate the layer composition, EDX analysis along the layer depth was
performed. The EDX profiles (raw count data) for N, Si and O species along the length
of the layer are shown in Figure 6.10b. It appears that a layer consisting of Si and N is
present after the No-NH3 plasma pretreatment on the Si substrate surface. The layer also
consists of a significant amount of O, along its whole thickness. This O content could
come from subsequent oxidation of the layer, due to its exposure to air after the sample
was taken out from the chamber. It could also be assigned to native SiOx which was not
removed during the HF cleaning. The layer could also contain amounts of H (not
detectable by EDX) coming from NHs decomposition within the plasma, hence, it is

assumed that a SixNyH layer has been formed by the pre-treatment.

Although Si nitride is known to be an oxygen diffusion barrier (Takeuchi and

King, 2003), in the present case the layer is nonetheless oxidized. This behavior is

231



Ols
—Simulated - Experimental
Si2p /
51 2(
z z pd
£ I
E =
/NM /F
T T T T
2 b & e 107 105 103 101 55 a7
Binding Energy (eV) Binding Energy (eV)
(a) (b)

attributed to the poor stoichiometry and low density of the layer, due to its potential
high H content. These features make the layer porous, which facilitates O diffusion.
Such oxidation of the SixNy layer was also reported by Brewer et al. (Brewer et
al.,2004). However, by analyzing several EDX profiles similar to the one shown in
Figure 6.10b, it is found that, when moving from the Si substrate towards the C capping
layer, the increase in the O and N profiles is such that their half-maximum position
occurs at the same depth. This suggests that although the SixNyH layer is oxidized, the
oxidation of the substrate itself and the formation of an interfacial SiOx layer can be

neglected, i.e. the Si surface is protected from oxidation by the formed layer.

Further characterization of this layer composition was made by XPS (Figure
6.11). The XPS spectrum exhibits a O 1s peak at 532.8 eV, attributed to Oxygen in a
SiOx environment, a N 1s peak at 398.0 eV, attributed to Nitrogen in a SizNa
environment (Chourasia and Chopra, 1993) and a Si 2p doublet peak (blue continuous

and dashed lines on Figure 6.11b) at ~99.2 eV, corresponding to Si°.

Figure 6.11. a) XPS experimental spectrum of the pretreated Si substrate b) Zoom on

Si 2p peak : experimental and simulated
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A second peak is revealed by the Si 2p spectra, situated at higher binding energies
~103.3 eV. The peak deconvolution was done using two double peaks, one at ~103.2
eV (orange continuous and dashed lines), and one at ~101.9 eV (green continuous and
dashed lines). The first peak corresponds to an energy shift of ~4.1 eV from Si°, is
assigned to oxidized Si in higher oxidation states (Renault et al., 2002), such as Si**.
The second peak (energy shift of ~ 2.7 eV) can be assigned to Si-N bonds (Chourasia
and Chopra, 1993), with some contributions from Si in lower oxidation sates, such as

SiOx species or Si-O-N bonds.

In order to investigate the source of the layer oxidation, an in situ ALD capping
by an AIN layer of a plasma N2-NHz3 pre-treated Si substrate was performed. As this in
situ process does not involve any oxygen, it is adequate to reveal the source of the
SixNyH layer oxidation shown in Figure 6.10. The resulting STEM-HAADF image and

EDX analysis are shown in Figure 6.12.
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Figure 6.12. a) STEM image b) EDX analysis along the film depth of the pretreated Si

substrate after AIN capping
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A SixNyH PT layer is still observed between the Si substrate and the AIN
capping layer, as indicated by the thin dark contrast layer located at the Si surface in
Figure 6.12a, whose thickness is ~1.1 nm. The elemental EDX profiles in Figure 6.12b
show that O atoms are contained in the AIN layer, with a maximum oxygen
concentration located at the surface. Since the deposition does not involve any oxygen
source, it is concluded that oxidation of the AIN layer occurs during the subsequent
exposure to ambient air. In addition, the O content is much lower in the SixNyH layer
suggesting that no oxidation of the PT layer occurs in the presence of a capping layer.
It is thus concluded that the oxidation of the PT layer previously observed in the
uncapped sample (Figure 6.10b) is mainly due to the exposure to ambient air (after

deposition), and not to unremoved SiOx by the HF cleaning.

The oxidized SixNyH layer thickness measured in Figure 6.10 was of ~1.8 nm,
which means that a slight increase of the thickness could occur due to oxidation.
However, this is expected to be the case during ALD, as H>O can also oxidize the layer
(Brewer et al.,2004). Hence, for subsequent discussion, the PT layer thickness formed

by the pre-treatment will be taken at ~1.8 nm.

6.5.2. Effect on initial growth

To study the effect of the N2>-NHz plasma pretreatment on the ALD nucleation
and growth, the Al>Os films deposited using 5, 20 and 75 ALD cycles, with and without
PT were analyzed by STEM-HAADF, as presented in Figure 6.13. The Al>Oz thickness
on the NPT and the PT Si measured by STEM is also plotted in Figure 6.13. For the
Al>03 films deposited on PT Si, the thickness is deduced by subtracting that of the PT

layer (~1.8 nm, Figure 6.10). The TEM results for the 5 and 20 cycles samples on NPT
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surfaces have already been shown in Figure 6.6. They are again shown in Figure 6.13,

for direct comparison with the PT samples.
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Figure 6.13. Dark field STEM images of the ALD samples, and the derived Al>.O3
thickness as a function of ALD cycles, on NPT (open circles) and PT (black rhombus)

Si surfaces.

Figure 6.13 shows that after 5 ALD cycles, no clear continuous deposition of
Al>O3 is observable on the NPT samples. This confirms the low reactivity of the H-
terminated surface resulting from the HF cleaning towards the ALD reactants (Halls
and Raghavachari, 2003)(Frank et al., 2003)(Frank et al., 2003), as discussed in section

6.3. In order to deposit a continuous layer, more ALD cycles are needed.
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After 20 cycles (Figure 6.13), a denser deposited layer with a brighter contrast
attributed to Al.Os3, can be seen. This layer has a thickness of ~1.3 nm, and an interfacial
layer of ~1.6 nm, measured from the STEM image, as well as from the combined island
growth model results and XRR measurements (Figure 6.2b) and the TEM analysis in

Figure 6.6 and Table 6.1.

After 75 cycles, a ~7.2 nm layer of Al2Os is deposited. An increase of the Si
substrate oxidation is also observed, as the interfacial oxide layer reaches ~2.2 nm. The
Si surface on the 75 cycles sample is also rougher than on the other two samples. This

could lead to a higher apparent thickness of the interfacial oxide.

When the N2-NHs plasma pretreatment is performed prior to deposition, the
STEM images show that even after 5 ALD cycles, a ~2.2 nm thick layer has been
deposited. The contrast difference between the PT layer and the ALD Al20s film is not
clear. The Al>Osthickness can be obtained by subtracting the ~1.8 nm layer measured
for the sample without deposition (Figure 6.10a), from the total layer thickness. This
leads to a value of ~0.4 nm. The deposited layer also has a brighter contrast than the PT
layer (Figure 6.10a), which is assigned to a higher density. This can be due to diffusion
and reaction of TMA and H20 within the lower density SixNyH layer, thus leading to a

layer densification.

After 20 and 75 cycles, the total deposited film thickness increases to ~3.7 nm
and ~9.1 nm respectively, which correspond to an Al>Os thickness increment of ~1.9
nm and ~7.3 nm respectively, compared to the PT layer. As the denser Al>Os film is
deposited, the contrast difference between the PT layer and Al,O3 becomes clearer and

the two layers can be identified, as shown in Figure 6.13.
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The above results show an enhanced deposition during the first ALD cycles, in
comparison with the NPT samples. For the NPT substrates, no clear deposited film is
observable after 5 cycles, while the averaged GPC is only of ~0.07 nm/cycle after 20
cycles and reaches ~0.1 nm/cycle after 30 cycles, as shown by the XRR measurements
and the island growth model results (Figure 6.2). On the PT substrates, the mean GPC
is ~0.1 nm/cycle between 5 and 75 cycles, which is the GPC obtained at 300°C during
the linear ALD regime in our process setup (Chapter 5) and derived from the island
growth model and XRR measurements (Figure 6.2). Hence, the nucleation period,
reported to occur during the first ALD cycles (Puurunen, 2005)(Puurunen and
Vandervorst, 2004)(Puurunen et al.,2004)(Frank et al., 2003), has successfully been

restricted by using the N>-NH3 plasma pre-treatment of the Si surface.

Xu et al. also reported a higher deposition during the first ALD cycles when
using a NH3 plasma PT (Xu et al., 2006). However, in their study, the total thickness
of the film observed by TEM is assumed to consist of Al,Ogz, leading to a 6.7 nm film
thickness after 35 ALD cycles. This value would imply a mean GPC of ~0.19 nm/cycle,
which is almost two times the GPC of Al,O3 from TMA and H:O, as reported by the
results of the island growth model and the XRR measurements (Figure 6.2), the surface
chemistry model (Chapter 5) and works in literature (Vandalon and Kessels,
2017)(Puurunen and Vandervorst, 2004). Once the Al>Oz film is continuous, the initial
surface does not affect anymore the deposition and the process enters in its steady ALD
regime. Hence, no surface pretreatment should affect the deposition once the system
attains the linear ALD regime. In this Chapter, it was shown (Figure 6.10a) that the N»-
NHs plasma PT results in an amorphous SixNyH layer. The film thicknesses obtained
in our present study reveals that after 5 cycles, the deposition indeed reaches the linear

ALD regime, with a constant GPC of 0.1 nm/cycle. This is in agreement with reported
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values from literature (VVandalon and Kessels, 2017)(Puurunen and VVandervorst, 2004),
as well as experimental and computational predictions performed for our ALD system

(Figure 6.2 and Chapter 5).

A literature review is now used to explain the effect of the N2-NH3 plasma PT
on the initial deposition increase. Widjaja and Musgrave studied the nitridation of the
Si surface under the exposure of NHs, using DFT calculations (Widjaja and Musgrave,
2001). NHs adsorption is dissociative on the Si surface, leading to the formation of Si-
NH: surface species. They showed that around 600K, further dissociation is possible,
with the insertion of N in the Si-Si bonds (Widjaja and Musgrave, 2001). A combined
experimental and theoretical study from Rodriguez-Reyes and Teplyakov, using DFT
calculations and IR spectroscopy (Rodriguez-Reyes and Teplyakov, 2007) validates the
above results, showing that the Si-NH> surface species start to dissociate between 500-
600K to form (Si)2NH, in two different structures, bridged and backbonded, where
neither of the two could be ruled out. In our case, as the exposure to N2-NHz plasma is
performed at 300°C, i.e. 573 K, it is assumed that all three structures could be formed:
Si-NH2 which has not completely dissociated, and (Si)oNH in both bridged and

backbonded structures (Rodriguez-Reyes and Teplyakov, 2007).

Lin and Teplyakov studied the mechanisms occurring during different TMA
exposures of the Si surface using DFT calculations and computed energy barriers for
TMA adsorption and reaction on Si-H bonds (Lin and Teplyakov, 2013). The authors
performed the same study for Si-NH> and (Si)oNH bonds in both bridged and
backbonded structures (Lin and Teplyakov, 2013). The mechanisms taken into account

are the following:

TMA on Si-H:

238



Al(CHa)s reversibly adsorbs on Si-H forming a weak AI-Si bond. The
predominant reaction yields a surface Si-Al(CHz)2, with the desorption of CHs. This

reaction is considered as irreversible. The mechanism is shown hereafter:

Al(CHz)3() + SiH(s) <> SiH(AI(CHz3)3)ads —SiAl(CHs)2s) + CHa(g) (R6.1)

TMA on NHx- terminated Si

AIl(CHz3)s reversibly adsorbs on surface NH forming an Al-N bond. The reaction
yields a surface N-Al(CHzs)2, with the desorption of CHa. This reaction is considered as
irreversible. The above mechanism is shown below, for SiNH2 and both of the two

different (Si)2NH structures:

Al(CHz3)3(g) + SiNH2(s) <> SiNH2(AI(CH3)3)ads —SiN(AI(CHz)2)H(s) + CHa(g) (R

6.2)

AI(CH3)3g) + (Si)2NHs) <> (Si)2NH(AI(CH3)3)ads —(S1)2NAI(CH3)2() + CHsg) (R 6.3)

Their results are presented in Figure 6.14.
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Figure 6.14. Literature data for the deposition of TMA on Si with different surface

terminations (Lin and Teplyakov, 2013).

Figure 6.14 shows that the deposition is favored for the three different NH
bonds, compared to the Si-H bonds. TMA is found to adsorb more exothermically on
the Si-NHx bonds, than on the SiH ones. The overall energy barrier to reach the
transition state is significantly smaller for the NH-terminated bonds and the final
products are in a much lower energy state. In particular, the NH is the most favorable
surface termination for the deposition of TMA, presenting the lower overall energy
barrier, of 39.9 kJ/mol, while the reaction products are 113.7 kJ/mol lower in energy

than the reactants (Lin and Teplyakov, 2013).

A reaction probability study of an already adsorbed TMA molecule on the
surface is now realized, in order to analyze the N>-NHs plasma pretreatment effect on
the TMA deposition kinetics. The same principles as in Chapter 5 are used. The reaction
probability (preaction) Of an adsorbed TMA molecule on the surface is calculated by
dividing its forward reaction rate (Rreaction) With the total rate of all possible events,

which for the adsorbed TMA are forward reaction and desorption (Rdesorption):

_ Rreaction
Preaction = R 'R ] (6-1)
reaction desorption

Both mechanisms are assumed to follow first order Arrhenius kinetics. The
activation energy for desorption (Edesorption) 1S assumed to be equal to the energy released
during the adsorption step, while the forward reaction energy barrier (Ereaction) iS the
difference between the energies of the transition state and the adsorbed TMA state. By
assuming that the pre-exponential factors for both reaction and desorption are equal,

the reaction probability can be expressed as:
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~“Ereaction
e RT
Preaction = “E ; (6.2)
—Ereaction desorption
e RT +e RT

Where R is the ideal gas constant and T the temperature in K.

The results for the reaction probabilities calculated at 300°C are shown in Table 6.2,

using the activation energies computed by Lin and Teplyakov (Lin and Teplyakov,

2013).
Surface termination Reaction probability at 300°C
Si-H 5.96:1013
Si-NH: 2.3-10%
(Si)2NH (bridged) 1.27-10°
(Si)2NH (backbonded) 1.81-10°

Table 6.2: Reaction probabilities for the different surface bonds calculated at 300°C,

using the energies calculated by Lin and Teplyakov (Lin and Teplyakov, 2013).

Results of Table 6.2 show a clear increase of the reactivity with the N>-NHs
plasma PT. An adsorbed TMA molecule has a reaction probability increased by more
than seven orders of magnitude on NH-terminated surfaces, than on the Si-H surface.

Specifically, the highest reaction probability is computed on Si-NHa.

It must also be noted that besides the TMA reactions with the N2>-NHs plasma
PT Si surface, the H2O reactions are also favored. The low reactivity of the H-
terminated Si surface towards H2O has been previously studied theoretically (Halls and
Raghavachari, 2003), and experimentally (Frank et al., 2003). Brewer et al. showed that
on the NHz pre-treated Si, deuterated water D>O reacts and oxidizes the PT layer, even

at temperatures as low as 190°C (Brewer et al., 2004). These reactions could lead to the
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formation of oxygen containing species, such as Si-O-N or OH bonds on which TMA

can chemisorb more favorably during the subsequent reactant pulse.

6.5.2. Effect on Si oxidation

In order to study the efficiency of the N2>-NHs plasma pre-treatment on the
restriction of the substrate oxidation, profiles of the EDX counts of Si, O, Al and N
species along the film depth for films deposited on both NPT and N2-NH3 plasma PT
Si surfaces are presented in Figure 6.15. The EDX results for the samples deposited
using 5 and 20 cycles on NPT surfaces, although previously presented in Figure 6.8,

are shown again for a direct comparison with the respective samples on PT surfaces.
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Figure 6.15. EDX count profiles for Al, Si, O, N species of the ALD films: Left
column: NPT Si surfaces: a) 5 cycles, b) 20 cycles, ¢) 75 cycles. Right column: PT Si

surfaces: d) 5 cycles, e) 20 cycles, f) 75 cycles.

After 5 ALD cycles on the NPT Si surface (Figure 6.15a), only a very small
amount of Al can be traced on the Si surface. This confirms that the Si surface is highly
passivated towards TMA by the HF cleaning, which leaves the surface H-terminated.

This low reactivity has been discussed in the previous sections of the present Chapter.
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After 20 cycles (Figure 6.15b), a clear rise of the Al counts can be seen on the
EDX profile, showing that Al was indeed deposited on the surface, confirming the
island growth model predictions and the previous TEM, STEM, XRR, EDX analysis

presented in the present Chapter.

In both the 20 and 75 cycles samples on NPT Si, moving from the Si substrate
to the C capping layer, the O counts rise before the respective Al counts. This shows
that there is an interface between the deposited film and the Si substrate, which consists
of oxidized silicon. The thickness of the oxidized Si layer is ~2.2 nm for the 20 cycles
sample, as estimated from the FWHM of the element counts. This layer consists of ~1.5
nm of SiOy, and ~0.7 nm of a region where Si, O, Al species are simultaneously present,
as presented in section 6.4 of the present Chapter. For the sample deposited using 75
cycles, the Si oxidized layer has a thickness of ~2.4 nm, consisting of ~1 nm SiOx and
~1.4 nm of the Si, O, Al region. These values are consistent with the STEM
measurements, and are close to values reported by previous works (Xu et al.,

2006)(Kaur et al., 2017).

When the PT is introduced prior to deposition, unambiguous Al deposition is
evidenced already after 5 ALD cycles (Figure 6.15d). A clear Al count peak can be seen
moving from the Si substrate to the C capping layer. The PT is efficient in enhancing
the reactivity of the surface, thanks to the formation of a SixNyH layer, as discussed in
the previous section. Figure 6.15d also shows a significant reduction of the Si oxidation.
No region is detected, where only Si and O species are present. A layer of Si, O and N
appears, with a thickness of ~0.9 nm. Then a region of ~0.8 nm is measured where Si,
O, Al, N are all present. Al diffusion and deposition in the less dense SixNyH layer could
explain this result, as the fact that although the less dense amorphous PT layer could
not be easily observable by STEM, the layer with 5 ALD cycles could be seen with a
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darker contrast. The total thickness of the N-containing layer is ~1.7 nm and the Al,O3

layer thickness is ~0.4 nm. These values are consistent with the STEM measurements.

After 20 and 75 cycles, more intense peaks of the Al counts are observed on the
EDX profiles (Figures 6.15e and 6.15f respectively). The Si substrate oxidation is
reduced compared to the respective NPT samples (Figures 6.15b and 6.15c). For the 20
cycles sample, the SIONH region thickness is ~1 nm. Between the Si-O-N-H layer and
the deposited Al.Oz film, a region of Si, N, Al and O exists, with a thickness of 0.8 nm,
leading to a total N-containing layer of ~1.8 nm. The respective SIONH for the 75
cycles sample is ~0.5 nm thick, while the region of Si, N, Al and O has a thickness of

~1 nm, leading to a total N-containing layer of ~1.5 nm.

In order to confirm this low substrate oxidation on PT samples, XPS
characterizations were also performed on a PT Si sample with 20 ALD cycles of

TMA/H20. The Si 2p XPS spectra and their deconvolution are shown in Figure 6.16.

It shows that the Si 2p XPS spectra exhibit a doublet peak (blue continuous and
dashed lines) at ~99.1 eV, corresponding to Si°. It can be seen (Figure 6) that the second
peak in the Si 2p spectra is now situated at 101.7 eV. For this peak deconvolution, only
a doublet peak at 101.6 eV was used (green continuous and dashed lines, energy shift

of ~2.5eV).
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Si in higher oxidation states was hence not detected on the 20 cycle PT sample,
while the peak is assigned mainly to Si-N bonds (Chourasia and Chopra, 1993), with
some contributions from Si in lower oxidation sates, such as SiOx species, Si-O-Al or
Si-O-N bonds. It is evident from Figures 6.15 and 6.16, that the Si oxidation was
reduced when 20 cycles of ALD were performed. This shows the barrier properties of

the Al>Os film, in reducing the substrate oxidation.

XPS characterizations of ALD deposited Al>O3 films on NPT Si (Figure 6.7)
revealed main peaks situated ~ 3.4 eV higher in energy than the Si® main peak, with the
main contribution being from higher Si oxidation states (Renault et al., 2002). In Figure
6.16, it is seen that this energy shift is lower (~2.5 eV), and the main contribution of the

secondary peak at 101.6 eV is assigned to Si-N bonds (Chourasia and Chopra, 1993).

The above results show that besides increasing the initial deposition steps, the

PT is also effective in suppressing the Si surface oxidation (Figures 6.15, 6.16). For the
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NPT Si surfaces, the interfacial oxide thickness remains close to 2 nm for all samples.
As previously discussed, the interfacial layer has been reported to be formed by species
interdiffusion and reaction through Al-OH defects in the film bulk (Renault et al.,
2002)(Gosset et al., 2002). Si-OH bonds created during the island growth mode of the

first cycles are also a source of Si oxidation (Naumann et al., 2012).

In the case of PT Si surfaces, our results indicate that for all samples, the
substrate oxidation is significantly reduced. This shows that the PT layer along with the
ALD deposited film serve as an effective barrier towards the oxidation of the Si
substrate. This substrate oxidation suppression has been previously reported by Brewer
et al. (Brewer et al., 2004) , as well as by Xu et al. (Xu et al., 2006), who reported low
interface oxidation. In their work, Brewer et al. exposed the NHs pretreated Si surfaces
to D2O (Brewer et al., 2004). They reported that although D»O oxidizes the formed
SixNyH layer even at modest temperatures, the substrate surface beneath it is not
oxidized. This shows that the pre-treatment formed layer protects the Si surface from
oxidation. Results of Figures 6.10b and 6.15 validate these observations. To determine
whether the oxidized SixNyH interface of the PT samples presents better interfacial
properties than the SiOyx interface of the NPT samples, electrical characterizations
should be performed, which are not the topic of the present study. Xu et al. have shown
that Al,O3 films deposited on N2-NHs plasma pre-treated Si present better better

thermal stability, lower leakage current and smaller CV hysteresis (Xu et al., 2006).

Summary — Conclusions

In this Chapter, the ALD of Al>Os films from TMA and H2O was studied on

HF-cleaned and HF-cleaned and in situ N2-NH3 plasma pre-treated Si (100) substrates.
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The aim of the study was to thoroughly investigate the initial film deposition evolution
and interface formation and the pre-treatment effect on those drawbacks of ALD. A
series of samples using a different number of ALD cycles were deposited at 300°C. The
films and their interface with the substrate were characterized by XRR, TEM, XPS,
EDX and ToF-SIMS. The geometrical island growth model, described in Chapter 3 was

used to reproduce the nucleation and growth steps during the first cycles.

The model succeeded in representing the Al>Os thickness evolution during the
first ALD cycles, without involving the modelling of surface reactions. This approach
showed that the evolution of the film deposition can be explained by the geometric
aspects of nucleation and growth, without assuming an increasing surface reactivity
during the first ALD cycles. It allowed to estimate the surface concentration of defect
sites, such as Si-OH and O bridges on the initial Si surface as close to 0.08 groups/nm?
and revealed that 25 ALD cycles are needed to achieve film continuity on HF-cleaned
Si.

Results by TEM, XPS, SIMS and EDX also showed that an interfacial layer was
formed between the Al>Os film and the Si substrate. This layer consists of oxidized Si
in various oxidation states, while Al is also present, suggesting the presence of AlOx
and Al-silicates. In agreement with the reported results, the interfacial layer formation
starts with the Al>Oz film during the first cycles. The mechanisms involve Si oxidation
during the first cycles, when island growth takes place, and the surface is not fully
covered by the Al>Os film. Although this oxidation was highly restricted for the H-
terminated Si surface, the presence of Al on the surface catalyzes Si oxidation, and thus
the interfacial layer formation. This oxidation could occur through the formation of
SiOH groups during the island growth. These SiOH groups could be formed from the
reaction of OH species on the deposited islands with non-covered Si on the surface.
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SIMS results validated the presence of SiOH groups in the interface, thus further
consolidating this assumption. Once the whole surface is covered by the ALD film, the
interfacial oxide layer may continue to grow due to interdiffusion of O species through
the layer up to a certain point, where the Al>Os film serves as a diffusion barrier. This
interdiffusion has been assigned to bulk defect species, present in the form of AIOH,

facilitating the oxygen diffusion.

The effect of an in situ plasma N2-NH3 pre-treatment of the Si(100) substrate
prior to Al20s3 ALD from TMA and H>O was also studied both experimentally and
theoretically, considering literature results. This pre-treatment leads to significant
deposition increase during the first ALD cycles, as observed by STEM and EDX
measurements. This is explained by the fact that the pre-treated surface consists of Si-
NH: and (Si)2NH groups, which are considerably more reactive towards TMA than the
H-terminated Si surface formed during the standard HF cleaning of the Si substrate.
The substrate inhibition leading to island growth is then suppressed, and a constant GPC

is reached only after 5 cycles, instead of more than 30 cycles without such pretreatment.

This pretreatment is also effective in suppressing the substrate oxidation. The
interfacial oxide layer is ~2nm for the non-pretreated samples, while no SiOx layer is
detected for the samples with pretreatment. The amorphous SixNyH layer formed by the
pretreatment serves as an effective protective layer for the Si surface. Although this
layer is itself oxidized, the Si surface oxidation is blocked. Previous works (Xu et al.,
2006) reported that Al>O3 films deposited on NH3z pre-treated Si presenting a similar

SixNyH interface, result in improved dielectric properties.
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This study shows that two of the main disadvantages of Al.Os ALD from TMA
and H20 on Si, i.e. initial deposition inhibition and the formation of the interfacial SiOx

layer, can be suppressed by using an appropriate Si surface pre-treatment.
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General summary, conclusions and perspectives

The research work presented in this thesis deals with the thorough study of the
phenomena and mechanisms involved during the ALD of Al>Oz on Si. The analysis is
performed using a combined computational and experimental framework. This
framework consists of physical and chemical based models in various scales, making
the computational approach multiscale, while the experimental investigation used a
commercial ALD setup and a complete set of characterization techniques. With this
framework, the individual mechanisms and their effect on several aspects of deposition
and film properties are illuminated, thus leading to an in depth understanding and

control of the ALD process.

The constant shrinking of the microelectronic devices has pushed towards the
need for the production of nanometric thin films with a high compositional purity and
control over the film thickness, uniformity and conformality. In this context, ALD has
emerged as the favorable technique to produce such films. Drawing its advantages from
the self-terminating nature of the surface reactions involved during the process, it can
theoretically produce films with a film thickness control down to the monolayer. Its
excellent compositional purity, step coverage and uniformity have made it an essential
tool for the production of metal oxide layers on Si used as high-k gate oxides in today’s

MOSFETSs.

Although the advantages of ALD are incomparable among other deposition
techniques, it nonetheless exhibits some drawbacks for the deposition of films of some
nanometers. The initial deposition can be affected by the substrate nature, leading to

complex initial deposition phenomena such as island growth, that require a minimum
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number of ALD cycles to obtain a continuous layer. A non-abrupt interface is also
formed between the deposited film and the Si substrate, which affects the compositional

purity and thus the potential applications of the deposited structure.

The scale up of ALD processes also presents drawbacks for the industrial
applications of ALD. In order to achieve uniform and conformal deposition on large
area substrates, the reactant fluxes must be homogeneous along the substrate. These
aspects affect the required exposure and purge times in ALD, making the process slow
and costly, thus requiring reactor and process design optimization. The above requires
a thorough understanding of the mechanisms and phenomena involved inside the ALD
reactor. As these phenomena take place in various space and time scales, some of them
being very short, the experimental study of the ALD process in detail is challenging

and needs to be completed by a multi-scale computational modelling work.

The ALD of Al20z on Si from TMA and H2O is selected as the process of
choice, as it represents a case of metal oxide ALD on Si. Although it is one of the most
studied ALD processes and is considered a “model process”, it nonetheless exhibits the
above drawbacks, and the mechanisms involved have not yet been thoroughly studied
and understood. This work aims to find ways to overcome the difficulties arising from
the initial substrate surface, the interfacial Si oxidation and the interplay of transport

phenomena and surface mechanisms for deposition on large area wafers.

ALD deposition took place in a commercial Veeco® Fiji F200 ALD reactor, on
Si(100) substrates with a diameter up to 200 mm. The experiments were performed
using a variety of process conditions, to investigate the effect of process parameters on
the Al2O3 deposition. The deposited films were characterized using a complete set of

characterization techniques, including ellipsometry, XRR, TEM, STEM, EDX, XPS
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and SIMS. These characterizations yielded information regarding the deposited film

thickness, morphology, structure, chemical nature and composition.

The computational investigation was performed using four different
computational models dealing with different space scales, making the approach
multiscale. Two CFD models were developed for the ALD reactor and the reactant
feeding system, coupled between them through a computational strategy. The ALD
system simulation, along with the vacuum pump simulation is a novel approach towards
the modelling of ALD processes, allowing the investigation of the process dynamics in
detail. The CFD model of the reactor was coupled to a wafer-scale surface reaction
model, which takes into account adsorption, desorption and surface reaction of species
on the surface. This allows the investigation of the interplay between surface
mechanisms and transport phenomena, and in turn the study of the effects of process

parameters and phenomena in the reactor on film properties, such as film uniformity.

The CFD model was also coupled to a stochastic KMC surface chemistry model,
which allows the thorough study of the different events taking place on the substrate
surface at the nanoscale. Microscopic aspects of the film deposition, such as the
evolution of roughness, the deposited mass, and the film stoichiometry during the ALD
regime can be calculated using this model. Finally, an island growth model, based on
geometric principles, was used to study the nucleation and the initial growth regime
during the initial steps of deposition. This model is fed by the GPC of the steady ALD

regime, derived from the coupled CFD and wafer scale surface chemistry model.

The investigation of the process dynamics revealed that although ALD is
conceived as a process dependent only on surface reactions, complex phenomena occur

during deposition at the reactor scale. In particular, the configuration of the purging
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flows through the reactor three inlets can lead to a non-ideal flow field inside the reactor
main volume. The temperature distribution is non-uniform inside the reactor, with the
presence of a cold zone in the reactor loading door region leading to a non-uniform
temperature profile on the substrate surface. This temperature field can lead to an
increased minimum purge time duration to effectively purge the reactor chamber in
order to achieve film uniformity. Furthermore, gas phase recirculation during the
reactant exposures was found to take place in the reactor volume, leading to non-

uniform reactant species distribution on the substrate surface.

The combined experimental and computational approach revealed a complex
behavior of the GPC within the ALD temperature window. The competition between
surface reactions and desorption of H.O on MMAOH species was found to be the
limiting factor for ALD deposition at lower temperatures. The effect of this competition
revealed by an original reaction probability study and the stochastic kMC model, has
not been discussed in detail before. The H2O reactions are activated by increasing the
temperature. After a certain point, further increase of temperature leads to decrease of

the GPC, due to the decrease of the number of OH species that are stable on the surface.

The effect of the interplay between the surface mechanisms and transport
phenomena was found to have a substantial effect on the film uniformity. The gas flow
recirculation occurring during the TMA exposure was found to lead to a non-uniform
film deposition on the substrate surface for a process temperature of 300°C. By
increasing the TMA pulse duration, uniform films were obtained, as the surface was
saturated during the increased TMA exposure. For lower temperatures, the film
uniformity was found to be dependent on the temperature distribution inside the reactor.

H>O adsorbed on the cold walls of the loading door was not desorbed and removed
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during the purge time, leading to CVD deposition on the side of the substrate exposed

to the loading door. Non-uniformity increased as the purging time was decreased.

A combined computational and experimental investigation was used to study
the initial steps of deposition. XRR and TEM measurements, along with the geometrical
island growth model revealed that a substrate-inhibited island growth regime takes
place during the first ALD cycles. The low reactivity of the initial Si-H species prevents
the deposition during the first cycles, and the nucleation occurs on surface defects.
Preferential deposition on already deposited material during the next cycles leads to
island growth. 25 cycles are needed to deposit a continuous film over the surface,
consistent with observations in the literature. Once the islands coalesce, the deposition

attains the layer by layer steady ALD regime.

The interfacial layer formed between Al.Oz and Si was studied using TEM,
EDX, XPS and SIMS. Results showed that the HF pre-treatment of the Si substrate is
efficient to remove the native oxide from the Si surface, yielding protection from further
oxidation. Traces of O species were found, assigned to surface defects. However, even
after 5 ALD cycles, the Si substrate was indeed oxidized, showing that the Si oxidation

is catalyzed by the presence of Al.

A ~2 nm interfacial oxide layer was formed between the Si substrate and the
Al>O3 layer, when a continuous ALD layer was deposited. The interfacial layer was
found to consist of oxidized Si, in various oxidation states. Al silicates were also present
at the interface. The interfacial layer grows with the ALD film, until a certain thickness
of Al>Oz is deposited, which serves as an oxygen diffusion barrier. The presence of

SiOH species in the interfacial layer was validated by SIMS, assigning their formation
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as the potential mechanism for the Si substrate oxidation during the island growth

regime.

In order to combat the initial deposition inhibition responsible for island growth
and the interfacial Si oxidation, leading to the formation of an interfacial oxide layer,
an in situ N2-NHs plasma pre-treatment of the Si substrate was used, after the HF
cleaning procedure and prior to ALD. An amorphous SixNyH layer was formed on the

substrate surface from this in situ pre-treatment.

This pre-treatment led to significant deposition increase during the first ALD
cycles, as observed by STEM images and EDX measurements. This was explained by
the fact that the pre-treated surface consists of Si-NH and (Si)2NH groups, which are
considerably more reactive towards TMA than the H-terminated Si surface formed
during the standard HF cleaning of the Si substrate. The substrate inhibition leading to
island growth is then reduced, and a constant GPC is reached after 5 ALD cycles,

instead of tens of cycles without such pretreatment.

The N2-NHz3 plasma pre-treatment was also effective in reducing the substrate
oxidation: no SiOx layer is detected for the samples with pretreatment. The amorphous
SixNyH layer formed by the pretreatment serves as an effective protective layer for the
Si surface. Although this layer is itself oxidized, the Si surface oxidation is reduced,
resulting in improved dielectric behavior according to literature results, reported for

similar SixNyH interfaces.

The research work presented in this thesis provides a framework for the detailed
analysis of the mechanisms involved in thermal ALD processes. The combined
computational and experimental approach can be used to illuminate certain aspects of

ALD, which are challenging to investigate only experimentally. This multiscale

256



approach allows the integrated study of thermal ALD processes, from the surface
mechanisms to the transport phenomena inside the ALD reactor and the process

dynamics.

This framework can be used for a variety of ALD systems, once the energy
barriers for the chemical mechanisms are determined, using DFT calculations and/or
experimental measurements. From this point onwards, the computational framework
along with complementary experimental measurements, can be used to illuminate the
competition between surface mechanisms, as well as determine the individual
mechanisms or phenomena that are either limiting or enhancing the growth. In this way,
it is possible to explore the mechanisms involved using different ALD precursors, over
the ALD window. This could be an invaluable tool for the research on novel precursors
that are able to extend the ALD window to higher or lower temperatures, for the
deposition of films with new crystalline phases, or films that are sensitive to higher

temperatures, such as polymers.

Furthermore, the present framework can be used to study the scale-up of ALD
processes. Deposition uniformity on large area wafers, or in multi-wafer ALD reactors
can be investigated using the combined computational and experimental approach
developed in this thesis. In this way, by studying the interplay between surface
mechanisms and transport phenomena, the optimal reactor design and process setup can
be determined for the uniform deposition on the surfaces to be coated. The whole
process can be optimized by such investigations, thus minimizing reactant consumption
as well as the purging steps duration, thus limiting the process time and cost. This
framework can also be used for the detailed study and optimization of spatial ALD,

which is emerging as high throughput industrial ALD process.
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The present approach regarding the initial growth on HF-cleaned Si can be used
for the ALD of other high k oxides, such as HfO2 and ZrO>. The understanding of the
initial growth inhibition mechanisms and the interfacial layer formation can be used to
develop appropriate pre-treatment techniques, in order to control the reactivity of the
initial substrate surface and protect the Si substrate from interfacial oxidation.
Furthermore, these pretreatment techniques could be used for the production of
substrates with different surface termination along the surface, used for area selective
deposition on complex three dimensional nanostructures. This research could pave the
way for ALD to become the adequate technique to deposit conformal and uniform
nanometric thin film with abrupt interfaces and high purity, used for the micro-nano-

electronic applications of the future.
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