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Abstract

Silicon oxynitrides thin films have a very wide application in optical devices, dielectric materials, and
optical waveguide materials. Additionally, Si0,N,, films also have high chemical stability, high resistance
to impurity diffusion, and water vapor permeability, properties that are highly required for applications
in barrier devices such as gas barriers, making this material a promising candidate. The present thesis
focuses on the formation of thin SiO,N,, films through a relatively moderate temperature thermal CvVD
process (T=650°C) at atmospheric pressure. The chemistry selected to undertake this task is a mixture of
tris-dimethylsilyl-amine (TDMSA) and O, a novel chemistry where nitrogen and silicon atoms originate
from the precursor itself and nitrogen not being supplied by an external gas source like ammonia. For
this research, a tubular horizontal hot-wall reactor configuration has been utilized to produce the silicon
oxynitride material and the development of the respective chemical model. Ellipsometry and FTIR are
the main instruments used for the solid phase analysis and characterization of the films, with Ellipsometry
supplying a large amount of data relating to the deposition rate and composition, aiding the simulations
substantially. The development of the model is additionally also based on gas phase results from GC-MS,
liquid NMR and ESR analyses. The combined use of solid-state and gas phase results were thus used as
the main feedback for the present work, in order to develop an apparent kinetic model, that could
replicate the deposition mechanism from the TDMSA+0O; chemical system in a simplified manner. Lastly,
the kinetic model constructed for this system is implemented in the simulation software ANSYS® FLUENT®
18.2 and aims to recreate the experiments with satisfactory accuracy through the use of computational

fluid dynamics, opening the way to further possibilities for process optimization.

Key words: Computational Fluid Dynamics, CVD, Silicon oxynitrides, Simulation, Kinetic Model, Gas
phase analysis.



MepiAnin

Ta ofwitpidla tou mupttiou €xouv eupela edpappoyr otn Brounyavia. XpnoLOTOLOUVTOL OE OTTTIKEC
OUOKEUVEG, BINAEKTPIKA UAIKA KAl UALKA OTTIKWY kupatodnywv. Ot pepPpdveg SiOxN,, €xouv emniong
ulnNAA XNk otabepdtnta kaBwg kat uPnAr avtoxr otn Sddxuon kat Stamepatotnta vdpatuwy. H
OUYKEKPLUEVN Epeuva eEeTdlel tn dnuoupyla Aerttwv pepBpavwy SiOxN,, Slaueow pag Siepyaoiag
XNULKAG amoéBeong atpwy (CVD) xaunAng Beppokpaciag (T = 650 ° C). H xnuela mou emiAéxBnke yla va
avaAaBeL auTto To €pyo elval eva pelypa TpLg-0LueBUATIAUA-auivng (TDMSA) kat 05, 1LoG TTPWTOTIOPLAKNAG
Xnuetag émou To AlwTo Kal To uplitio mpogpyxovtat amno tnv dla mpddpoun évwon). Na auTtév ToV OKOTO,
KATOLOKEUAOTNKE KATAAANAOC avTlOpaoTpac Katl eTAEXBNKaV KATAANAEC pEBodoL avaAuong OTEPENC
Kot agplag ¢aong €tol wote va eéaxBouv ol amapaitnteg mAnpodopieg yla tn Stapdpdwon evog
KvnTkoU HovtéAou To omoio Ba eloaxbel oe AoyLOULKO TTPOCOUOLWOEWY UE OKOTIO TN BeAtiotomnoinon
¢ Stepyaoiag. H ouykekplpévn SUMAwUATIKA epyacia €0TIAlEL 0TNV QVATITUEN TOU KIVNTIKOU LLOVTEAOU
TOU QVOPEPOUEVOU XNULKOU CUOTHUOTOS KABWE KL OTNV MPAYUATONONoN TWV TPOCOUOLWOEWV.

H mpaktikr epyaocia mavw otnv onola Baciletal n mapovoa SUTAWUATIKY €pyacia mpayuatonol)onke
UTLO To TMAaiolo Ttou ERASMUSH Kot GUYKEKPLUEVA avA eSO 0TO EBVikO MeTtooBio MoAuteyveio (EMI) kot
70 Institut National Polytechnique t¢ Touhouing (INPT). Suykekpipéva oto wotttoUto Ecole Nationale
Supérieure des Ingénieurs en Arts Chimiques et Technologiques (ENSIACET) wg LEPOG TOU TPOYPAUUATOG
HEALTHYGLASS. To epyaotriplo uTteUBUVO yLa TNV TTPOKTLKA fTayv To Laboratoire de Génie Chimique (LGC).
B£Bala, yla TNV MPAyUATOTOLNGN TNG CUYKEKPLUEVNG EPEUVAC ATAV ATOPALTNTN N CUUUETOXN OPKETWY
epyaotnpiwv amo oAn t faAAia.

H epeuva exivnoe pe v emdoyr xnuelag n omoia Ba pmopouoe va evarobeoel SiON, . H tpL6-
StueBUAC\UA-auivn (TDMSA), emA€EXBNKE yla QUTOV TOV OKOTIO KABWC QVAKEL OTNV OLKOYEVELQ TWV
o\UAauivwy Tou glval Yevikd yvwoTto OTL urmopoUlv va mapdyouv Siz N, katw and Stepyacieg XnKng
amnoBeong atuwv. Ma tnv anobeon apxika xpnotponondnke piypa TDMSA + 0, + NH; oM@ katd tn
SLAPKEL TWV TIELPAPATWY EYIVE QVTIANTITO OTL N Appwvia OxL Lovo & cuvelodEpeL oTnv anodBeon, GAAa
Spa wg tpoxomedn oe autAv. T autov To AOYo, TO TEAKO Mlyda Tou XPNOLUOTIoOBNKE ylo TN
Slapodpdwaon Tou KvnTkou povtelou nTav to TDMSA + 0,.

Y€ QUTO TO onueilo MpEmel va avapEPOUPE OTL TO KWVNTIKO HOVIEAO TIOU €peuvdTal, TO omoio Ba
XPNOLUOTIOLNBEL KAl Lol TIG TIPOCOUOLWOELG ATIOTEAEL VAl « PAVOUEVIKO» KLVNTIKO HOVTEAO. Me Tov 0po
dALVOUEVLKO XapaKkTnpileTal Eva LOVTEAD TO 0100 SV AVTUTPOCWTIEVEL AUTO TIOU TIPAYHATIKA CUUBalvVEL
OTO XNUIKO oloTnua, aAAQ €lval €va TEXVNTO KWWNTIKO LOVIEAO TO OTOL0 UTOPEL Vo avarmapayAyeL Ta
TIELPOLOTIKA  ammoTeAéopaTa 0To TepLBAAoV TnGg Tmpooopoiwong oAld mapdAAnAa eival €vtova
OUVOEDEUEVO UE TNV TIPAYUATIKOTNTA PECW TWV QTMOTEAECUATWY OVAAUCONC OTEPENC KAL AEPLOG HACNC
KaBw¢ Kal LEow BLBALOYPAPLKAG EPELVAC.

Ta mepapata mpayuatonolionkayv og évayv 181k SLapopdwEVO CWANVOELST) avTdpacTrpa LECA OTOV
ormoio tormoBetovvtal kKABeTa 18 UTIOOTPWHATA TTUPLTIOU O€ SELYUATOANTTTN.
OL apXLKEC OUVONKEC OAWY TWV TELPALATWY UTTOPOUV VAL CUVOLOTOUV OTOV TIOPOKATW TTHVAKA.



Experiment Code T TDMSA flow rate O, flow rate NHj; flow rate

(°C) (sccm) (sccm) (sccm)
TD3 650 6 0.6 40
TD4 650 2 2 20
TD5 650 2 0 20
TD6 650 2 0.6 20
TD7 650 2 0.6 0
TD8 650 2 0.6 40
TD9 650 2 0 0
TD11 650 2 0.3 0
TD12 650 2 0.6 0
TD14 625 2 1.2 0

Av Kal opXLKA N AUUWVIO CUUUETEXE OTA MELPAUOTO apyoTEPA amoppidBnke we avildpwy KaBLloTwvtag
TO TTEPALATA TIOU TNV cupnepAapavouy deutepeliouoag onuaoiac.

H avdAuon tng otepenc Gaong Twv TAPOmAvVW TEPAUATWY TPAYUOTOTIOBNKE HEOW TNG
eMelpopeTplag Kal tou opyavou FTIR, pe tnv eAewpopetpia va pag Sivel mAnpodopleg oXeETIKA HE TO
TIAXOC TOU €VAMOTIBEUEVOU UALKOU KaBwC KAl TO ATOWLKO TOU TO000TO o€ AlwTto evw To FTIR OXETIKA pE
Toug SeOUOUC TTOU UTIAPXOUV 0T OOWUN TOU ETUOTPWHOTOC. Y€ QUTO TO ONUELD EMPETE va yiVEL LA
onuavtiky mapadoxr, OTL To UALKO Tou mapdyetal anoteAel To aBpotopa SUo dacewv.

Si0y + SizN, — SiON,

Autn n mapadoyxn NTav anapaitntn kabwg n avaAuon tng eAewpouetplag aduvatolos apyka va Swaoel
QELOTILOTOL OMTOTEAECLLOTA T OTTOLOL VoL SUMTEPAAUBAvVOUY Tov avBpaKka, 0 omolog lval mapdv Kol EXEL
ONUOVTLKA OUVELOPOPA OTO TIPOoioV. ' auToV Tov Adyo anodaciotnke va ayvonBel o avBpakag woTe Ta
anoteAéopata g eMeloueTpiag va pmopolv va aflomotnBouv yla t Sloapopdwon Tou KvnTtikou
HMOVTEAOU, E TO ONUAVILKO BERata opAAua Tou autr n anodaon Ba emedepe.

Ta anmoteAéopata tng oTePENG paonc ouvoyilovtat otov akoAouBo mivaka.

Experiment Code T Deposition rate at. %N
(°C) nm/min
TD3 650 0.54 7
TD4 650 0.9 2
TD5 650 0.2 20
TD6 650 0.6 9
TD7 650 0.65 14
TD8 650 0.54 7
TD9 650 0.24 40
TD11 650 0.44 39
TD12 650 0.83 8
TD14 625 0.39 10




2T AMOTEAEOHATA TIOU TtapouoLalovTal cupmepAapBavetal opaipa emavaAnPLuotntog 7% kabwg Kot
10% amo to povtélo g eMewopetplag.

MNapdAnAa ot Tpelg pebodot avaluong ¢ agplag paonc E5woav ONUAVTIKEG TTANPOPOPIEC OXETIKA LE
TG avTLOpACELS ToU cupPaivouy otov avTdpaoThpa Kal eixav KAataAuTikd poAo yia t Sltapopdwon tou
KVNTIKOU LOVTEAOU.

Ol eVWOELG TTou avixveluBnkav otnv agpla paon amod to GC-MS padl pe T xnUKn plla mou avixveudnke
amno to ESR odrynoav otnv mpotaon tTng apxkng aviidpaong mou AapBAavel xwpa otov avildpaotnpa, N
omola eivat n anoovvBeon tou TDMSA og U0 eVOLAUETEC EVWOELC.

SH_ SH_ ‘ ‘ \
Vi - \T, ~ /SiH /SIH\\\ + SiH
. —_ .
SiH_ Y /
| TDMSA INT(N) INT(SI)

OL 6U0 QUTEC eVOLAUEDEC EVWOELS, OUUDWVA HUE TOV UNXAVIOUO TIOU TpoTaBnke avtildpouv yla tnv
TIapaywyr ToU EMIOTPWHATOC HEOW TWV aKOAOUBWV avtlOpAoewy.

S1: INT(Si) + 02 - Si0,
S$2: 4INT(N) - Si3N,

TéAog, amapaltntn ATav Kal n mpooBeon pLloG akopa avtidpaong yla Tov KAAUTEPO €AEYXO TWV
QAVTIOPWVTWY, CUYKEKPLUEVA TOU 0ELUYOVOU, KAl TNG ULAC oo TIG EVOLAUECEC EVWOELS KABWCE KaL yLa TNV
€L0aywyn evoc amo Ta mopanpoiovta mou mapatnpndnkay amo tTny avaluon tng agpLag ¢aonc.

V2. 3INT(Si) + 20, — Siloxane + H,0

Ol TEOOEPELG AUTEG AVTLOPACELC ATOTEAECAV TOV XNULIKO UNXaviopd mavw otov omoio Baciotnke to
bAWVOLEVIKO KLVNTLKO LOVTEAO.

Ma t Stapdpdwon autol TOU UOVIEAOU amapaitntn ATAV n mpayuatonoinon opLouéVWY UTIOAOYLO WY
OXETIKWV LLE TLG KLVNTLKEC TOU TIOPALETPOUC. TECOEPQ TAV TOL OTOLXELQ TTOU ETTPETIE VA UTIOAOYLOTOUV TIPLV
TNV €vapén Twv MPOCOUOLWOEWYV. Ol OTOLXELOUETPLKOL OUVTEAEOTEC TWV AVTIOPACEWY, KATIOLEG APXLKEC
TLUEG yLa TOV TTapAyovTa cUXVOTNTOG KaL TNV EVEPYELA EVEPYOTIOLNONG, N HETATPOT) Tou TDMSA Kat n
anddoon tou TDMSA. Autol ol umoloylopol BornBnoav otnv Stapdpdwon evog apxXKoU KLVNTIKOU
Hovtélou To omoio Ba BeAtiotonolnBel LEOW TWV MPOCOUOLWOEWY Kal TNV avatpododotnon and tnv
avaAuon ¢ oTEPENG daonc.

Mo tnv TPAYMOTOTOoNoN TwV TPOCOUOLWOEWY elval amapaltntn emniong n Swapodpdwon Tou
miepLBAaANovVTOC Tou. OLTIPOCOUOLWOELG TipayaTomol)Bnkay pe tn Bonbela tou Aoyloptkol ANSYS Fluent
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18.2. H yewpetpla tou cwAnvoeldolg avTdpaothpa avamapaoTtdBnKe OTO AOYLOUIKO UE QPKETH
akpiBela kat Adyw UTapéng ouppeTplag Atav duvatn n €€0lKoVOUNGCN UTIOAOYLOTIKAG SUvaung Kabwg
QVOmaPAoTABNKE LOVO 0 ULoOG avTiOpaoTPaC. To TAEYLA TTOU XPNOLUOTIOWBNKE XPELAOTNKE va pelwBel
o€ TUKVOTNTA amod 1.9 ekaToppUpLa KEALA TTOU ATAV 0 APXLKOG Tou oxedlacuog o oA 250.000 kabwg
N UYELOVOULKA Kataotaon mou eneédpepe o COVID-19 KATEOTNOE QVOYKAOTIKO VO AELTOUPYNOEL TO
AOYLOLUKO Qo [N EMLOTNUOVLKO UTIOAOYLOTH) KOl CUVETIWG EMPETE va e€olkovounBel 600 To Suvatov
TIEPLOOOTEPN UTIOAOYLOTLKN SUvVON.

Ta Bepuokpaolakd mpodiA mou xpnolomolnénkay yla TIG MPOoOUOLWoELS Slapopdwbdnkav yla va
Talplalouy pe TIg Beppokpactakéc Babuidec mou mapatnpouvtal otov avildpaotipa. Auto emteUxOnke
XApn O€ LETPNOELG LEOW BeppooTolyelwy Tou TomoBetnBnkav oTov avTdpacTHPa KOL TNV TIOAU WVU KN
avoywyn Toug o€ OAO TO UNKOG TOU.

TéNOG, onuelwveTal OTL N peBodoloyia TwV TTPOCOUOLWOEWY €ixe cav 0Toxo TNV SLAUOPPwWon eVOg
KLVNTLKOU LOVTEAOU LKAVOU VA QVATApAoTAOEL €va oo Ta melpapata (TD7) Kal 0Tn CUVEXELQ TO LOVTEAO
QUTO va SOKLUAOoTEeL kat oTa uTtdAoLna.

H Sladilkaoia twv Mpooopolwoewy aflomoinoce OAa T TOPATAVW OTOLXElQ KAl PETA OO OPKETEC
TPOOTIABELEC KaL ouVEXELC BeATLOTOTOLNOELC eTITELXONKE TO AKOAOUBO amOTEAECLA.
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To KWWNTKO LOVTEAO TTou Slapopdwbnke eival To akoAoubo.

Kinetic system Ea (kJ/mol) A
V1 2.51E+02 1.80E-01
S1 3.00E+08 1.00E+20
S2 4.00E+08 1.20E+19
V2 5.26E+08 7.00E+34
a b c
1.76 0.43 1.2

2Tn CUVEXELA TTAPOUCLAZOVTAL TA ATIOTEAECUATA KL N CUYKPLON TWV TELPAUATIKWY KAL TIPOCOUOLWUEVWY
PUBUWV amoBeong VAWV TOV P0G EEETACN TIELPALATWY.

TDMSA = 2sccm 0, (sccm) T°C
TD11 0.3 650
TD7 0.6 650
TD12 1.2 650
TD14 0.6 625

Total simulation deposition rates
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Total experimental deposition rates
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To CUUTEPAOHA QUTAG TNG EPELVAC E(VOL OTL AV KOL TQ AMOTEAECHATA E(VAL LKAVOTIONTIKA, N TTapadoxn
TNC ayvonong tou avBpaka emPEPEL ONUAVTIKO opaApa. 2e mepinmtwon BERata tng LTTAPENC AELOTILOTWY
Sebopévwy yla Tov avBpaka otn SO TOU EMIOTPWMATOC, Kal UE TNV KATAANAN peBodoloyia n €psuva
autr Ba prmopoUoe val YIVEL OKOUQA TILO OUUTTAYNC.

Né€elc kAedla: Computational Fluid Dynamics, Xnuiky anéBeon atuwyv, ofuvitpidla Tou mupltiou,
Tipooopoiwaon, KWNTIkO HovTEND, avaAuon agplag ¢aong
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Nomenclature

Symbols:

Ay
a,b,c

at.N%

Pre-exponential factor (s?)

Partial order exponents a, b, ¢
Atomic Nitrogen percentage (%)
Concentration (kmol.m3)
Activation energy (J.kmol™?)
Reaction rate coefficient

Length of the reactor (m)
Pressure (Torr)

mass flow (kg.s™?)

Universal gas constant (J mol™ K™)
Rate of the reaction (kmol.m™3. st or kmol.m2.s?)
Surface area (m?)

Temperature (°C or K)

Volume (m?3)

Conversion (%)
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Subscripts:

(on) sample i
inlet
outlet

chemical reaction r

Abbreviations:

CFD

CVvD

ESR

FTIR

GC-MS

HTCVD

INT

NMR

PFR

SCCm

TDMSA

UDF

Computational Fluid Dynamics

Chemical Vapor Deposition

Electron Spin Resonance spectrometry

Fourier Transformation Infrared Spectroscopy
Gas Chromatography —Mass Spectrometry

High Temperature CVD

Fictive group of reactive intermediate compounds
Nuclear Magnetic Resonance

Plug Flow Reactor

Standard Cubic Centimeters per Minute, a unit of volumetric flow
Tris Dimethylsilyl Amine

User-Defined Function
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Chapter 1 Introduction

1.1 Project Objectives

The present thesis was conducted as part of the research done for the HEALTHGLASS project, sponsored
by the Agence nationale de la recherché (ANR). The goal of the HEALTHGLASS project is to develop new
CVD processes for the deposition of Si0,, Si0,C,, and SiO,N,, thin films at relatively low temperatures
(T<570 °C) on thermosensitive substrates such as glass or plastic. The current report, being the result of
a work linked with the deposition and process simulation part of the project, will deal exclusively with
the production of the amorphous Si0, Ny thin films, and the development of a chemical model able to
reproduce the experimental results in a simulations environment. As such, material characterization and
performance results will not be addressed or discussed, since only the material will be studied only from
a computational and process aspect.

There is limited information in the literature on the deposition of Si0,C, and SiO,N,, films in respect to
the specifications defined by the project, namely the moderately low deposition temperature and the
desire to scale-up the process in industrial scale, which requires therefore an atmospheric pressure based
process. These specifications dictate certain limitations, which impact the choice for the most suitable
CVD process, one which namely can combine deposition under atmospheric pressure and at relatively
low temperatures. Lastly, based on these constraints, the deposition of dense and chemically inert films
with sufficient growth rates is targeted. However, creating a SiO,N,, film at such low temperatures
without the use of a plasma process, which is usually very costly and requires vacuum conditions, is very
innovative and ambitious.

Project HEALTHYGLASS aims to achieve this goal, by also establishing process, structure, properties and
performance correlations, which will lead to outstanding progress at a fundamental level and will pave
the way towards the application of these multifunctional and durable materials in complementary sectors
concerned by the functionalization of complex surfaces such as micro- and nano-electronics, plastics,
medical devices and implants, or gas sensors.

1.2 Work environment

The present thesis was done based on research conducted at the Ecole Nationale Supérieure des
Ingénieurs en Arts Chimiques et Technologiques (ENSIACET) of the Institut National Polytechnique de
Toulouse (INPT), in Toulouse, France. It is a cooperation between the National Technical University of
Athens (NTUA) and INPT through the ERASMUS+ program.

ENSIACET houses many laboratories, two of which are the Laboratoire de Génie Chimique (LGC) and the
Centre Inter-universitaire de Recherche et d’Ingénierie des Matériaux (CIRIMAT). The internship was
performed at LGC, with frequent meetings held between members of both laboratories, collaborating as
partners under the umbrella of the HEALTHGLASS project.
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LGC’s boarder research is on the field of Chemical Engineering and the laboratory consists of six
departments, each focusing on different aspects of the same field. The common goal is to design, operate,
optimize and scale-up a wide range of processes, some of which membrane, electro-, and bio-processes,
etc. [1]

The department responsible for this thesis on the side of the LGC laboratory is the Ingénierie des
Réacteurs Polyphasiques Innovants (IRPI). This group generally focuses on designing multi-phase reactors,
involving the combination of three general themes: catalytic reactor engineering, activation and
oxidation processes, and fluidization and CVD process engineering. [2] The current work falls under the
“Fluidisation and CVD Process Engineering” category and focuses specifically on the computational part
of the process.

The CIRIMAT laboratory is centered around research conducted in the field of Science and Materials
Engineering. Similarly to LGC, it consists of various research groups, each of them carrying out work in
one of the following fields: material science, nanomaterials engineering, coatings and deposition
processes, and ageing and durability of materials. The interest in these fields is vast and affects many
different areas of work and industry sectors, including aeronautics, energy, health industry, and others.

3]

The CIRIMAT-INP department collaborating with LGC in the frame of project HEALTHGLASS is SURF:
Surfaces: Réactivité-Protection. This department has as a main activity the surface reactivity and
protection which can be further expanded into three separate, but interconnected activities:
implementing CVD processes for the deposition of protective coatings, characterizations of the deposited
films, and modelling the film growth stages. [4]

Apart from the LGC and CIRIMAT laboratories at INP, additional laboratories are collaborating in this
project, each providing their respective expertise. These partners are:

CIRIMAT UPS: precursor chemistry, mechanical properties, gas phase analysis
CEMHTI: solid phase characterizations
Industrial partner: Feedback and material performance using standard industry testing protocols

The thesis was organized in the frame of an ongoing PhD thesis, assigned to the PhD student K.C. Topka,
working both on the experimental and simulation aspects of the CVD of SiOxNy and SiOxC, thin films into
LGC and CIRIMAT. An engineer from CIRIMAT, L. Decosterd, was in charge of the gas phase analyses by
Gas Chromatography- Mass spectroscopy (GC-MS), Nuclear Magnetic Resonance (NMR) and Electron
Spin Resonance (ESR). Another thesis was devoted to the solid phase analysis through Ellipsometry and
Fourier-Transform Infrared Spectroscopy (FTIR). A post-doc researcher was involved in the project
researching the mechanical properties of the material developed in the lab, being assisted by another
student performing a master internship.
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1.3 Scope of this work

In this large and complex project, the goals and responsibilities of each group have been well defined,
put on schedule and regularly monitored. This work detailed in the present thesis has been a contribution
to the entirety of the project dealing with a part of it, the formation of SiO,N,, thin amorphous film
through CVD processes using TDMSA (tris dimethylsilyl amine, N(SiH(CHs)»)3) as the silicon-containing
precursor, and O3 as the oxidant.

The TDMSA precursor was selected to be as both the silicon and nitrogen providing molecule for the
SiOxN,, films that are being researched, and has the following chemical formula. (Fig 1.)

\gi/

\H./N\H./
Si Si

Figure 1. Chemical structure of the TDMSA precursor.

TDMSA was selected to undertake this work since it belongs in the silyl-amine family and contains both
silicon and nitrogen atoms. Conventionally, silane (SiHs4) or silazane precursors such as
hexamethydisilazane (HMDS) are used for the production of silicon nitride, carbonitride and oxynitride
materials, with addition of ammonia in the gas phase. However, the temperatures required for such
chemistries to lead to film formation are usually high. It has been shown in the literature that in the case
of HMDS, the bonding of the silicon atom to methyl groups renders the molecule more stable and leads
as such to a higher temperature required for nitride deposition. It has been argued though that the
presence of Si-H bonds instead of Si-CH3 bonds can lower the required temperature for precursor
activation. For that reason, the TDMSA precursor was chosen, which so far has only been reported in
PECVD patents. The present work is the first time in the literature that the TDMSA precursor has been
tested for the production of silicon oxynitrides in the absence of ammonia.

This work has two objectives. The first one deals with combining experimental solid phase and gas phase
analysis results in order to correlate and extract information with the aim of developing an apparent but
fitting reaction mechanism that can be justified from both experiments and literature finds. The second
objective concerns the reproduction of the experimental results in a simulation environment. The
proposed mechanism is implemented into the CFD software Ansys FLUENT 18.2 in an effort to recreate
the conditions and results of our experiments with ultimately the goal of process optimization.
Throughout all this, the experimental aspects are to a certain extent, defined and modified through the
constant feedback of the solid and gas phase analysis.
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1.4 Structure of the thesis

At this part a bit more light will be shed on the structure of this work and subsequently on the structure
of this thesis since it has been put together in a way that resembles the work flow followed during the
conducted research.

The research of the present subject begun with studying the chemical system that has been selected,
and more specifically the TDMSA /O, chemical system. The first step was to create a kinetic model for
this system that is coherent with the gas phase and solid phase analyses and the literature finds. Once
this apparent kinetic model takes its form, we need to suggest experiments and utilize the experimental
results in order to obtain information, such as the kinetic parameters of the reactions suggested.

After having extracted all potentially useful information from the experiments, the computational
processes begun using the aforementioned simulation software. Once the computational environment
is created and the assumptions are set, the simulations can begin. Step by step the reactions suggested
for the kinetic model are implemented in a coordination of calculations and manual fitting, seeking for
results that agree with the experiments.

The simulation process is aimed in fitting one of the experiments and confirming the application of the
developed kinetic model in the other experimental runs, which lead to further information on its
improvement and optimization.

Final point of the simulation process is of course the optimization of the deposition process, by utilizing
the potential of the chemical system, and finding the optimal deposition conditions that will give the
highest output/yield and the most uniform deposit thickness on the industrial substrates of interest.

In this thesis, the experiments taken place in the CVD reactor and the analysis of their solid and gas phase
results are briefly discussed. The proposed apparent chemical mechanism and the associated kinetic laws
are detailed and justified and finally this report will go into the simulations starting by its architecture
and foundations and moving towards the results of the attempts to simulate the reality of the reactor.
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Chapter 2 Literature Review

2.1 Theoretical background on thermal CVD processes of SiOx N,, thin films and its CFD
simulations

The main part of this work that addresses the research of low-temperature formation of SiO,N,, films
through thermal CVD processes at moderately is a very novel work with very little scientific
representation. For this reason, the literature search has been a difficult task throughout this thesis,
especially for processes that do not rely on plasma utilization. Having said that, the CVD processes
themselves on the contrary are very well studied and are additionally well known within the scientific
community. The literature search that has occurred during this thesis, due to the lack of scientific papers
pertaining to these specific precursors, had to often drift onto molecules with similar chemical structure.
Based on this literature, an overall opinion on what we could expect from the studied TDMSA compound
could be formed, and experimental parameters such as gas flows and potential deposition temperatures
could be limited down to specific ranges.

Silicon oxynitride (SiOxNy) is an important inorganic material widely studied for its outstanding electronic
and mechanical performance. SiOxNy is the intermediate phase between silicon dioxide (SiO2) and silicon
nitride (SisN4), which possesses high durability at high temperature, high resistance to thermal-shock and
oxidation, high density, excellent mechanical performance, and a low dielectric constant [7]. Due to these
unique performances, SiOxNy has great potential for high-temperature related applications, for example,
it is typically used in non-linear optics and as mechanical component owing to its high strength, thermal
insulation, and electronic and chemical resistance. SiOxNy is additionally attractive in integrated circuits
(IC), barrier layers, non-volatile memory, optical waveguides, organic light emitting diode (OLED), and
anti-scratch coatings applications. [7]

SiOxNy films can have an adjustable dielectric constant, refractive index, and extinction coefficient by
controlling the ratio of nitrogen/oxygen in the chemical composition. The ratio of the reactive gases, as
well as other process parameters involved in the preparation of SiOxNy are important in tuning the
stoichiometry of each element in the produced SiOxNyis material. As shown below (Fig.2), a series of
possible forms of the SiOxNy can be found, ranging between pure silicon dioxide, to pure silicon nitride,
and silicon rich variations. The composition of the material changes as the properties of the film, based
on the N and H content increase or decrease. The main properties affected are changes in transparency,
band gap width, refractive index, and insulation.
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Figure 2. Properties of SiOxN, materials [7].

A SiOxNy film generally has a performance between SiO; and SisN4. Due to its excellent photoelectric
performance, it has been widely used in optical devices, dielectric gate dielectric materials, and optical
waveguide materials. The SiOxNy film also has high chemical stability, high resistance to impurity diffusion,
and water vapor permeability, which renders it a very promising material for applications in barrier
devices such as gas barriers. In addition to that, SiOxNy films have a small defect density and are
advantageous in applications as a potential storage medium. [7]

For the deposition of thin SiOxN, films, the chemical vapor deposition process presents major
advantages, explaining why it is used since several decades for thin film deposition. During the growth of
thin films, the preferred precursor is transported into the reaction chamber in the form of vapors. Inside
the reaction chamber, the substrate to be coated is kept to a desired temperature, which enables the
reactive gas molecules to decompose onto the substrate and yield film deposition. Depending on the
experimental conditions, the deposited film may be in amorphous or polycrystalline in nature. [6] CVD
based technics are mainly divided into plasma enhanced CVD (PECVD), low-pressure CVD (LPCVD),
photochemical vapor deposition, thermal CVD, etc. Among them, PECVD and LPCVD are the most
employed processes. [7]

For the formation of SiO,N,, a variety of different CVD processes has been reported in the literature,

each having distinct advantages, and disadvantages. A brief table with the characteristics of the main
CVD processes is presented below.
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Table 1. Comparison of various CVD processes for the production of silicon oxynitrides. [7]

Method Advantages Disadvantages
Flexible operation method, High cost,
PECVD High process repeatability, High H content in film

High step coverage,
Low deposition temperature (<400 °C)

Uniform film, Low heating rate,
Complete structure, Long reaction time,
LPCVD Less pinhole defects, High deposition temperature (generally >550 °C)

High deposition speed,
Large-area preparation

HTCVD Simple operation and operation, High reaction rate, High deformation,
Low H content in film and dense structure Impaired interface performance
Low reaction temperature (<250 °C), High cost,
Photo-CVD Smooth film surface, Low film stability

Less by-products

Computational fluid dynamics (CFD) models for CVD reactors are of high importance, since they help
significantly in optimizing the deposition process. With the aid of CFD models we can simulate the local
gas phase composition, temperature profile and reactor geometry, and as such extract information on
species concentration profiles, and local deposition rates on parts of the reactor that would otherwise
be difficult to measure experimentally. When being supplied by constant feedback from the experimental
results, simulation is a powerful tool for optimizing the geometry and the deposition conditions that lead
to the desired film thickness and composition. This constant feedback is even more important in complex
systems and it gives the opportunity to link different process parameters with each other. [8]

The way the kinetic model of the CFD is constructed is almost always through an “apparent mechanism”.
Described as an apparent mechanism is a kinetic model that only provides a simplified but precise enough
vision of the reality of the reactor, leaving aside unnecessary complexities. Its goal is the general
description of the system in order to be represented into a CFD software.

In CVD the construction of such a mechanism requires data from the experiments. The solid phase
analysis is always present in the development of such a mechanism and it provides important information
on the formation of the films. A gas phase analysis is used frequently, however it can be also of high
significance since it can provide qualitative and quantitative information on the by-products of a CVD
process. This information, in accordance with literature finds, will give the researcher the necessary
insight to suggest a number of potential reactions that take place within the reactor for the studied
chemical system. These proposed reactions may have assumed intermediates and kinetic parameters, as
long as their assumption is based on realistic hypotheses which, after implementation into a
computational software, can recreate the experimental results in a satisfactory manner. That means that
even though our mechanism for the biggest part is simplified, it needs to have its foundation strongly
linked to experimental results. The created kinetic model must therefore be constantly tuned in
accordance with the new experimental results, keeping the two in a consistent feedback loop.

20



Chapter 3 Materials and Methods

3.1 Experimental process

The experiments were performed in a horizontal, tubular, hot-wall reactor (Fig.3) configuration described
in more detail in an already published work [5]. This reactor is constructed by a fused silica tube with an
inner diameter of 46 mm and a length of 700 mm. The heating of the reactor happens through its walls
by a semitransparent furnace (Trans Temp, Thermcraft Inc.) and the wall’s temperature profile is
measured every 20 mm along the tube using a type-K thermocouple with an accuracy of #+2°C. The
experiments were performed at two different set point (SP) temperatures, namely 650, 625°C, defined
as the temperature measured at 360 mm from the inlet, after which a 140 mm long isothermal region
exists. Before 360 mm, axial thermal gradients were present and measured as detailed later.

The reactor’s base and operating pressures were monitored with a Pirani (MKS MicroPirani Transducer
Series 925C) and a Baratron (MKS Baratron Type 627) gauges respectively, positioned downstream of the
deposition zone, before a liquid nitrogen trap and a dry pump (Edwards, soXu 20iC). The operating
pressure was fixed at 97.3 kPa (730 Torr) for all runs.
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Figure 3. Tubular reactor. Schematic (a) and 3D (b) representation of the CVD reactor (not true-to-
size and proportion). Top left inset photograph shows the substrate holder supporting a Si coupon

vertically. Top right inset scheme depicts the symmetry plane, the plotting plane YZ used for surface
results presentation and the plotting plane XZ used to present gas phase results [5]

For the deposition, 280 um thick monocrystalline silicon (100) wafers (Neyco) (Fig.4) were cut in
rectangles of 32x24 mm?2 and used as substrates. Before being inserted into the reactor, the substrates
were degreased in a succession of three ultrasound bath steps, including: 1) an ultrasound bath using
distilled water for 5 min, then rinsed with acetone, 2) an ultrasound bath using acetone (>99%, VWR
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Chemicals) for 5 min, then rinsed with ethanol, 3) an ultrasound bath using ethanol (99.3%, VWR
Chemicals) for 5 min, and finally dried under Ar (99.9999%, Messer) flow.

Within the reactor, the substrates were supported vertically by home-made, tubular, stainless steel
substrate holders, with a 7 mm deep insertion slot, positioned on the row. Their total length was 450 mm,
supporting a maximum of 18 coupons for each run. The first substrate was placed at 57 mm from the
reactor inlet.

Figure 4. Placement and arrangement of the 18 samples on the stainless-steel sample holders.

Figure 5. Photograph of a stainless-steel sample holder.

Several CVD experiments were conducted in the laboratory reactor performed by K.C. Topka. The
conditions of all the experiments are summarized in Table 2.
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Table 2. Experimental conditions of the performed experiments using TDMSA.

Experiment Code T TDMSA flow rate O, flow rate NHj; flow rate
(°C) (sccm) (sccm) (sccm)
TD3 650 6 0.6 40
TD4 650 2 2 20
TD5 650 2 0 20
TD6 650 2 0.6 20
TD7 650 2 0.6 0
TD8 650 2 0.6 40
TD9 650 2 0 0
TD11 650 2 0.3 0
TD12 650 2 0.6 0
TD14 625 2 1.2 0

The starting chemistry tested was a TDMSA + O, + NH; chemistry. Through carefully selected
experiments and parametric analysis of this chemistry, it was concluded that the presence of NH; does
not contribute to the SiO,N,, deposition at the tested temperature range, and additionally has negative
effects on both the deposition rate and the nitrogen content of the films (results are part of a different
thesis and are therefore omitted). Thus, the decision was made to exclude ammonia from the chemistry
and investigate the TDMSA + 0, system. For this reason, a set of parametric analysis that investigated
the effect of the oxygen flow rate was done through experiments TD7, TD9, TD11, TD12 and TD14 of
Table 2. The starting experiment for which the simulations were constructed on was TD7, utilizing
information from all other experiments. The N H; containing experiments had mainly a supportive role,
in terms of formed gas phase by-products, but where not considered for the simulation process itself.

3.2 Solid phase analysis

The analysis of the solid phase is the foundation of the development of the kinetic system. The Master
intern, Paris Papavasileiou performing these analyses had in his disposal two methods, Reflective
Ellipsometry and Fourier Transformation Infrared Spectroscopy (FTIR).

FTIR of solid films is a non-destructive method using the molecule vibration under light absorption as its
main principle to produce results. FTIR for the most part is trying to give information on the structure of
the film and on the bonds between the atoms that exist within it. In combination with ellipsometry and
the gas phase analysis results, it was able to provide us with information about the bonds and the
structure of the film, which was necessary for suggesting an apparent deposition mechanism.

Reflective Ellipsometry is a non-destructive method that enables the measurement of the produced films’
optical properties, from which secondary information such as film thickness, composition and density
can be extracted, among others. In the present study, Reflective Ellipsometry was utilized to provide
information on the thickness of the films, as well as a first estimation of its atomic Nitrogen content, by
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simulating a SiOxNy material, represented by two homogeneously mixed phases, namely amorphous SiO2
and Si3N4.

In more detail, the film, which is composed of varying atomic percentages of Si, O, C, N and H, was
represented in a simplified way as a homogeneously mixed two-phase material. This way, separating the
film into two layers through the volumetric fraction of each phase, allowed for a satisfactory and fast
approximation of the nitrogen content, and the hypothetical thickness of each phase.

Additionally, the samples were always weighted before and after the experiments, but the weight
difference could only give a general idea on the thickness of the samples since there was a significant
fluctuation of thickness on each sample. Therefore, most of the information regarding the deposition
rates and the thickness of each sample, were taken by the local measurements of ellipsometry, which
were probed on 5 different probes along the vertical center of each sample, and then averaged.

The film created by the TDMSA/O, chemical system is an amorphous SiO,N,,C,H, thin film. The model
suggested by ellipsometry though, does not give information of the carbon and hydrogen content.
Through the IBA analysis that were performed on various samples into CEHMTI, it was observed that
carbon has an important influence in the formation of the film. As the health situation related to COVID-
19 impeded the work progress in relation to the IBA analyses, we were obliged to follow the two-phase
model of ellipsometry, even if we knew that it led to an important error on the estimation of the films’
composition. Despite that, until a new model that considers carbon is proposed and verified, the kinetic
model we developed during the internship is a simplified two-phase model:

Si0, + SizN, = SiO.N,

3.3 Gas phase analysis

Through the efforts of the collaborating partners at CIRIMAT-UPS, the project had the rare opportunity
to include an extensive gas phase analysis of the CVD process. The information provided by the three gas-
phase analysis techniques was a great aid in the development of the kinetic model. Qualitative results of
the stable and radical gas-phase by-products, as well as the overall gaseous composition at the exit of the
reactor can provide information on the reactions occurring during deposition. In parallel, the quantitative
results on the TDMSA conversion rate can help us calculate some kinetic parameters that will be later
implemented in the simulations.

The three methods used for the gas face analysis were: Electron Spin Resonance spectrometry (ESR), Gas
Chromatography — Mass Spectrometry (GC-MS) and Nuclear Magnetic Resonance (NMR). GC-MS and
NMR were used to identify the stable by-products existing in the gas phase, while the ESR method was
used to identify potential radical species that are very reactive and thus hard to observe.

For this reason, the ESR requires the use of a spin-trap, namely a molecular that can trap radical species
and stabilize them for analysis. The compound POBN is used for this purpose (Fig. 6).
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Figure 6. POBN compound used for the ESR characterization method.

Through this analysis, we were able to identify radical species that are potentially the building blocks of
the chemical mechanism.

At the same time, GC-MS and NMR give information on the by-products that exit the reactor. This analysis
can give both qualitative and quantitative results, although in our case the results were mostly qualitative
due to time constraints related to the global health situation.

These two methods in combination can give a great amount on information on what is happening inside
the reactor and thus helping us construct the kinetic model.

3.4 CFD modeling

To represent the deposition rate and the reactive transport phenomena taking place in the CVD reactor
a CFD model was constructed. This model is taking into consideration the gas phase and surface chemical
reactions that are suggested by the apparent chemical model constructed. The local gas flow and
temperature profiles in the reactor were calculated by solving the mass and momentum conservation
and thermal energy balance equations in each elementary discretized volume. The local distribution of
species mass fractions and deposition rates were calculated after considering the kinetic data of the
homogeneous and heterogeneous reactions into the species conservation equations. The software
utilized to produce the numerical simulations is ANSYS® FLUENT® 18.2, with a cell-centered finite volume
scheme and second-order spatial accuracy.

3.4.1 FLUENT environment
In this part the modeling and the building blocks of this simulation will be justified. It should be
mentioned that the mesh and geometry for these simulations where made and optimized in a previous

thesis by George Alexander Chliavoras, graduate of the NTUA school, working on this project with K. C.
Topka, and for this reason these aspects of this work will only be mentioned briefly.
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3.4.2 Geometry

The geometry implemented in FLUENT has been designed to be as close as possible to the actual
geometry of the reactor. All these elements have been considered and represented when creating the
geometry of the reactor.

It must be mentioned that while the tubular reactor has a shape which is easily replicated in a simulation
environment, the particular geometry of the sample holders and arrangement of the samples themselves
made this task considerably more difficult.

All dimensions were kept true to the original size, except from slight simplifications made to the sample
holder geometry. The tubular reactor was represented as a half cylinder, cut along the YZ-plane with a
rounded-up version of the sample holder represented through most of the reactor’s length.

a ﬁ 1 ﬁ fim {em)

nxn 20

Figure 7. Cross-section of the flow domain of the simplified tubular reactor, in the area of the
substrate. [5]
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Figure 8. Modeled tubular reactor flow domain geometry. The three meshing segments can be seen:
inlet (left), outlet (right), and transitional (thin slice in between). [5]

The symmetry existing on the reactor which allows us to make simulations on a geometry that represents
just half of the actual reactor has an important role since it can save a lot of computational power and
thus time.

3.4.3 Mesh

The construction of the mesh, similar to the geometry, was made harder because the existence of the
sample holder at only parts of the reactor, a feature led us to splitting the geometry into three different
meshes.
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Figure 9. Tubular reactor mesh: Inlet (left) and outlet (right). [5]

Figure 10. Tubular reactor mesh: the three segments.

Different sizes of meshes have been created for different purposes. All of these meshes share the same
characteristics but differ only in the number of cells. The most important principle behind designing the
mesh is that the mesh is more refined close to all the walls of the reactor in order to better model the
concentration gradients that exist in between every solid surface and the body of the gas. The reasoning
behind the different meshes is a matter of computational power. The actual mesh that is run in the
laboratory computer consists of 1.9 million cells with a maximum cell size of 0.85 nm. However, due to
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the imposed confinement, the simulations had to be run locally at home, on non-scientific computers
with low calculation power. Therefore, the number of cells had to be dropped down to decrease the
computational strain on the machine and the over calculation time. For this reason, two more meshes
were created, having the same architecture with the actual mesh, but with fewer cells, 250.000 and
500.000 to be more precise. The results shown in the current work were extracted from simulations run
with the mesh consisting of 250.000 cells and maximum cell size of 0.85mm.

3.4.4 Assumptions and Boundary conditions

The simulations require a series of assumptions that the software will take into consideration. The
assumptions presented are implemented to simplify the numerical complexity of the system.

e Pressure based model (P = constant at 97325 Pascal)
e Activated gravity

e Steady state

e Laminar gas flow (Reynolds number < 1000)

e Incompressible gas flow

e Heats of reactions not activated

e |deal gas

The boundary conditions of the systems are described below:

e Aflat profile was considered for the gas velocity at the gas inlet.

e The total mass flow rate, and all species’ mass fractions were fixed to the values calculated from
the experiments.

e The temperature of the gas at the inlet was set equal to the experimentally measured tempera-
ture of the wall close to the inlet.

e A symmetry boundary condition was applied at the YZ symmetry plane.

e Aclassical no-slip condition was imposed for the gas velocity on all the solid surfaces, the reactor
walls, the substrate holder, and the substrates themselves.

e The temperature of the surfaces was set equal to the temperature profile measured experimen-
tally on the reactor walls before deposition, through the implementation of a custom user-de-
fined function.

e Inorderto avoid backflow in the computations and to speed up convergence a constant temper-
ature was applied for the last 100 mm of the reactor, i.e. between 600 and 700 mm, and the
outlet boundary condition was set to “outflow”.

e Modifying the temperature profile in this region does not impact the results, since the samples
were placed only between 57 and 500 mm from the reactor inlet.

e The mass flux density of each species near the solid surfaces was assumed to be equal to the
corresponding heterogeneous reaction rate.

e The total pressure was fixed at the operating pressure.
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e A zero-diffusion flux was fixed for all gas phase variables at the reactor exit.
e All reactions were set as forward reactions

The way the experimental results were correlated to the ones of the simulations was through creating
user-defined planes within the reactor geometry, representing the 18 samples, or to be more accurate,
the part of the samples not covered by the sample holder. The software was able to calculate all the
needed parameters of these planes through an area weighted average. Therefore, the simulated
deposition rate of each sample could be extracted this way and directly compared to the average results
from ellipsometry.

The chemical reaction rates were implemented into FLUENT® in the form of an Arrhenius type expression:

ET .
= AO,r * eXp <_ R_;w> * Hil;?p? (1)

30



Chapter 4 Results

4.1 Experimental results

4.1.1 Temperature profiles

In order to have an accurate temperature profile for the simulation a series of manipulations is necessary.
From the experiments, we obtain a thermal profile, which is then implemented into FLUENT through a
UDF (user defined function) by expressing the measured data through polynomial equations. This way
our simulation has the same temperature profile and gradient as the experiments.

For each thermal profile, a series of temperature measurements were made on the reactor walls, across
the length of the reactor, specifically every 2 cm. To make these measurements the reactor must operate
under steady-flow conditions of 0, and N,, the carrier gas, but without the influence of the TDMSA since
a non-reacting flow is necessary.

Two different thermal profiles were used in this work. The main one being at a set point of T = 650°C
and the second one, used for the experiment at lower temperature, at a set point of T = 625°C . For
each thermal profile, numerous temperature measurements were made across the length of the reactor
(along its z-axis). The measurements were then interpolated using 3™ and 4% order polynomials, to
express the wall temperature for each profile as a function of the Z-axis. This way, we were able to apply
a specific temperature profile on the walls, the samples, and the sample holder in the simulations.

Finally, some computational issues had to be resolved, regarding backflow at the outlet. For this reason,
some modifications were made to the functions regarding the thermal profiles: the zone of steep
temperature decline after z = 0.6 m was removed, being instead replaced by a flat temperature profile
set equal to the temperature measure on the wall at 0.6 m. This did not cause any issues with the
simulation results, since these modifications concerned only the last few centimeters of the length of the
reactor, the last 10 cm to be exact, a region in which no samples were placed. As such, this change, even
though it had small effect on the velocity, temperature, or species distribution fields in the last 10 cm of
the reactor, it did not impact the first 50 cm the reactor, in which the samples were placed and studied.
As such, the flat temperature profile was able to effectively treat the backflow problem.

The actual code that was used to implement these temperature profiles into the simulations can be found
in the appendix.
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Figure 11. Tubular reactor thermal profile at a set point T=650°C. Experimental measurements are
represented by solid circles. Dotted lines show the two interpolated polynomial equations applied in
the UDF code.

The temperature profile was implemented using two polynomial equations:

pl = —88165z3 + 2910222 — 297.95z + 464.88 (2)
p2 = —18932422% + 4278394z° — 39523662z* + 190996023 — 51032022 + 71992z — 3330 (3)

After combining the two polynomial equations at their intersection, we obtain the following temperature
function for the thermal profile at the set point T=650°C:

1,  2<020914)
Tosoc® = {5y 5 0.20014) # i0meters
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Figure 12. Tubular reactor thermal profile at a set point T=625°C. Experimental measurements are
represented by solid circles. Dotted lines show the two interpolated polynomial equations applied in
the UDF code.

The temperature profile was implemented again using two polynomial equations:

pl = —113206z3 + 3980822 — 1118.7z + 438.45 (4)
p2 = —52069z* + 7545423 — 4091122 + 9952.5z — 32.86 (5)

After combining the two polynomial equations at their intersection, we obtain the following temperature
function for the thermal profile at the set point T=625°C:

pl, z<0.134

Te250c(2) = {pz 7> 0_134} ,Z in meters

4.1.2 Solid phase analysis results

The simulations were fitted and modelled on the ellipsometric results which are presented in Table 3.
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Table 3. Ellipsometry results regarding the maximum deposition rate and maximum nitrogen
content observed across the various experiments.

Experiment Code T Deposition rate at. %N
(°C) nm/min
TD3 650 0.54 7
TD4 650 0.9 2
TD5 650 0.2 20
TD6 650 0.6 9
TD?7 650 0.65 14
TDS8 650 0.54 7
TD9 650 0.24 40
TD11 650 0.44 39
TD12 650 0.83 8
TD14 625 0.39 10

The values taken for the deposition rates as well as for the atomic percentage of nitrogen are the
maximum values observed. For the nitrogen content, the maximum value was always encountered on
the last sample, sample 18. The position of the maximum deposition rate varied across experiments, and
depending on the specific deposition conditions used, it was usually found between the 11™ and 14"
samples.

We should also mention that the experimental result analysis includes a significant error. The
repeatability error is at 7 % while the ellipsometric model has an error of 10 %. In total this adds up to an
error of 12.2 %.

— 2 2
Total error = \/errormodel + erroryeeatapitity  (6)

4.1.3 Gas phase analysis results

The gas phase analysis gave two series of results, one by the ESR analysis and one through the GC-MS
and NMR.

With the help of ESR, we were able to identify the following species:

INT(Si)
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This species was one of the two building blocks implemented in the kinetic model, but it will be discussed
more in later stages of this report.

During the time at which this research was being done, the gas phase analysis by GC-MS and NMR could
not give quantitative results for the majority of the identified species. Obtaining quantitative results for
all by products is a time and resource consuming procedure, since a calibration curve needs to be made
for each by-product using the respective standards. Such a calibration curve was made only for the
precursor molecule TDMSA. The analysis of the gas phase for all other by-products could thus only
provide qualitative information on their presence or absence in each experiment. These species, as
provided by the engineer L. Decosterd working on this analysis, can be categorized into six groups.

Silylamines, silane, silanols, siloxanes, methoxysilane and water. The actual species can be shown in Figure
13.

; | HO__ / \ HO / e O~ / |
SiH i ~d
1Hy S|HO/S|H / N /Slljo/S| /SI\ TlH SI\O/SIH\
(1) (2) (3) (4) (5) (7
/ \

—HS;] | siH- _ \Si/ Ho. / -/
\ / SiH— O/ \O N / Si
N-HSi NH-Si—0 dand | | /SI\ Si_ S‘—N{-i ~

—hs| —ns | SIHNH —si___Si— HO / o0 —§

\
(17) (14) (15) (16) (17) (18) (19)

Figure 13. Overview of detected gas-phase by-products by GC-MS.

e Silane : dimethylsilane (1)

e Siloxanes : 1,1,3,3-tetramethyldisiloxane (2), pentamethyldisiloxane(4), 1,1,3,3,5,5-hexamethyltrisilox-
ane (7),hexamethylcyclotrisiloxane (16)

e Silanols : dimethylsilanol (3), trimethylsilanol (5), dimethylsilanediol (17)

e Silanamines derivatives : TDMSA (11), N-[1-(dimethylsilyloxy)dimethylsilyl]-1,1-dimethylsilanamine (14),
1,1,3,3-tetramethyldisilazane (15), hexamethyldisilazane (19)

o Alkoxysilane : methoxytrimethylsilane (18)

e Water

Having these results made the development of the apparent mechanism and subsequently, of the kinetic
model a much easier work than it would have been, since many suppositions on how these species were
created could be made. Subsequently through these hypotheses, the reality of the gas phase reactions
could begin to unmask.
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4.2 Theoretical results

4.2.1 Proposing an apparent chemical mechanism

The mechanism constructed at this point is an apparent mechanism. With the term apparent mechanism,
we describe, as we have discussed previously the construction of a kinetic model that can recreate the
experimental results without including entirely the complexity of the actual chemical system, in order to
avoid part of its complexity.

The core of the suggested mechanism derives from a single proposition, the proposition that our reaction
starts by the decomposition of TDMSA into two gaseous radical intermediates, as described by the
volumetric reaction V1. That means that oxygen does not take part in the core reaction of our system.
This position was first suggested, since in none of the gas phase by-products detected contained a N-O
bond. This was later confirmed by an experiment using TDMSA (TD9) in absence of 0, at 650°C and
observing the formation of silicon carbonitride material, meaning that TDMSA, at the right temperature
is able to deposit on its own. Additionally, later decomposition studies of TDMSA at various temperatures,
showed a clear decomposition behavior that depended only on the temperature. Moreover, after the
creation of a TDMSA GC-MS calibration curve, the amount of TDMSA exiting the reactor was able to be
quantified. Results showed that regardless of the amount of oxygen added in the starting gas phase
composition, a similar amount of TDMSA exited the reactor. That led us to conclude that the addition of
02 does not impact TDMSA composition, and as such, that TDMSA decomposes on its own, aided only
by the temperature. Finally, one of the two radicals formed (INT(Si)) was able to be identified by the gas
phase analysis, validating this proposition even further.

SH_ SiH_ | ‘
S S N R
SiH N /
| TDMSA | INT(N) INT(SI)

Figure 14. Volumetric reaction V1 indication the decomposition of TDMSA as
V1:TDMSA—INT(Si)+INT(N).

Following to the decomposition of the precursor TDMSA, we assumed that two radical intermediates are
produced named accordingly INT(N) and INT(Si), which are the reactants for the solid phase reactions
and the building blocks for all the gas phase byproducts. It is certain that multiple reactions producing
the Si0, N,, film exist in the studied chemistry. For the purpose of the simulating them in a simplified
manner, the two following apparent surface reactions were supposed:

S1: INT(Si) + 0, — Si0,

S$2: 4INT(N) - Si3N,
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The total of these three reactions, namely V1, S1 and S2, represented the decomposition of TDMSA and
the film formation through two basic deposition reactions. These reactions are the core reactions of the
proposed mechanism and are thus the first ones implemented into the simulations. Any additional
reactions were added to represent the by-products observed in the gas phase and as a way of further
tuning the results of the simulation. The rest of these reactions proposed that produce the by-products
are categorized and shown below.

Siloxane reaction path:

1. 2INT(SI) + 0, — SiH SiH +0-
TNy O
SiH S!H HNTGOD 40 > s ST s 4
2 S /'\o/]\ I’ ’
’ N
N
3. \ O~ © ©
SiH i sH 10z = | | +H,0
- o g s
/ \O/ \
\
Silanol reaction path:
HO\
4. SiH SiH _ _
7 T T~ tH0 - Tsi— 4 SH_SiH
| / ~ TNH
SiH
PN
HO
5 H\ +2CH3 » —si—on +CH,

Si—— |

/

Methoxysilane formation:
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6. —S‘i—OH +2CH3z = S‘io +CH,

Even though the apparent mechanism can justify the existence of all the by-products, only a few of these
reactions were used in the simulations, due to lack of gas phase quantitative results and in order to avoid
unnecessary complexity of the system. However, a more complete model would require the addition of
some of the chemical reactions presented above.

4.2.2 Strategy of kinetic model development

First, due to the health situation, only the results of one experiment from TDMSA/O,, TD7, were available
at the beginning of the research related to this thesis, and as a result we were obliged to build our model
with this very restricted amount of experimental data. The classical procedure to develop such apparent
kinetic models of CVD processes is to use the results of at least 4 or 5 different experiments, with different
inlet gas composition or deposition temperatures.[5][8] Because of that, we were aware that our first
model would be imprecise, and would need to be completed and enriched as soon as more experimental
results would be available, which unfortunately occurred at the end of the period of this thesis.

The strategy behind the simulations follows the idea of starting form a basic system and slowly enriching
it. For these reasons, our system starts with only V1, which is the decomposition reaction of TDMSA, after
which the first solid phase reactions S1, S2 are introduced. Once we have a system that gives us results
near to the experimental ones, we start adding more reactions to better fit the experiments and at the
same time simulate the production of the by-products. The introduction of these reactions is done
through various calculations to extract some initial kinetic parameters and are then manually refined in
order to fit the deposition curves given by ellipsometry. It is reminded that ellipsometry follows the two-
phase model of Si0,/SizN, , and as such, does not represent the presence of carbon and hydrogen in
the produced films. In this constant feedback between simulations and ellipsometry the kinetic model
takes its form.

4.2.3 Methodology of the calculations

As described before the way the reactions and their kinetic parameters are implemented into FLUENT is
through the Arrhenius type expression (Equation 1).

The parameters that we intend to calculate are the pre-exponential factor 4, , the activation energy E,,
after the implementation of which, FLUENT can give results on the various species concentration profiles,
and the calculated deposition rates on each sample. These calculated kinetic parameters are the initial
values tested on the simulations and provide us with a good starting point.
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4.2.3.1 Partial order exponents

Another important calculation extracted from the experiments is the partial order exponents of the
surface kinetic laws, which physically represent the impact of the change in concentration of a reacting
species to the reaction rate of the reaction it is participating in.

For estimating them, a series of calculations had to be made. At first, since there are two surface reactions
S1 and S2, producing the two solid materials, namely SiO; and SisN4, the experimental thickness results
had to be divided into 2 via the volumetric fractions taken by ellipsometry. This way the calculations could
be made directly for S1 and S2.

S1: INT(Si) + 0, - Si0, S2: 4INT(N) — SizN,

kg1 [INT_Si]%* [0,]? kg, [INT(N)]€

(6) (7)
The calculations for c of S2 were made directly by plotting the equation (8) described below.
InReaction_Rate = ¢ * In([N;yr]) + Ink (8)

The assessment of the a and b exponents of equation (9), was done by comparing experiments for which
only the concentration of one of the reacting species, meaning either O, or INT_Si, changed. Through
this, the impact of the change in concentration of each reactant could be assessed, separately from each
other. The experiments that were coupled for these calculations were TD7 and TD12, to calculate the b
partial order exponent, and TD7 with TD11 to calculate the a partial order exponent. An important
assumption was made at this point for INT_Si. The assumption is that the relative concentration of TDMSA
between the 2 experiments is the same as the relative concentration of INT_Si between them. This way
the exponents can be calculated through the following equation:

Ry ko [INTglE 10211 o
Ry ks1 [INTgl3 [0,]3

At the same time, the calculation for the partial order exponents was done sample by sample obtaining
a series of values across the whole length of the reactor. A selection of which values to be taken as an
average had to be made. In general, to select these values first we looked at the experimental results of
ellipsometry and made a hypothesis on where each solid phase reaction was more probable to be taking
place, with the least influence from other reactions. This means that the calculated partial order
exponent values that were chosen, would also be less impacted and altered by other reactions potentially
taking place in that region of the reactor. At the same time, the selection of these values was also
influenced by whether the values selected where giving a desirable shape of a simulated deposition curve.
In the end, the chosen values for the partial order exponents were the following:
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Table 4. Calculated partial order exponents for the two solid phase reactions, where a is the partial
order exponent for the Si_INT, b for Oz, and c for the N_INT.

a b C
1.76 0.43 1.2

The partial order exponents though helpful, should be taken with a grain of salt since multiple
assumptions were made in order to calculate them. Another source of error in their calculation would be
the volumetric fractions taken by ellipsometry since carbon is after all not being taken into consideration
for this two-phase model. These results in significant error of the film chemical composition. Another
important thing to mention is that the mechanism developed is an apparent mechanism and consists of
only a few reactions. Realistically, the reactions happening inside the reactor are many more in number
and in complexity. The partial order exponents are calculated for the 2 global solid phase reactions, S1
and S2, and they ignore the existence of other solid phase reactions that also consume the respective
intermediates to produce SiO; or SizNa.

4.2.3.2 Calculation of the kinetic parameters of the surface reactions

To calculate the kinetic parameters, and more specifically the activation energy E; and pre-exponential
factor A, of the surface reactions, a different approach had to be taken. The idea is to represent the
tubular reactor as a series of slices where the concentration of the gaseous intermediates will be
calculated through the mass balance. Except for their length and volume, each of these slices has
geometrical characteristics equal to those of the actual reactor. Through this method, we need to assume
that each slice has a perfect mix and thus the concentration of any element is homogenous in each slice,
since diffusion effects cannot be represented.

The general mass balance is:

Inlet — Outlet = + Accumulation + Consumption

Being in a steady state we have:
Accumulation = 0 mol/s

The mass balance for INT(N) gets the following form:

[INT(N);] * Q; + V1 % Slice_volume — S2 * Surface
[INT(N)i44] = — 2 (10)
i+1

With the value of the intermediate concentration of the first slice i being supplied by running reaction
V1 in the simulation environment.

Then the kinetic parameters are calculated through plotting the rate equation.
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These parameters that are calculated cannot be a perfect calculation that will immediately give us the
kinetic model that fits the experiments. They are rather the starting parameters that will give us a good
starting point in order to continue with manual optimization.

4.2.3.3 Measurement of the TDMSA conversion rate

There are two important pieces of information that can be extracted to assist in the correct
implementation of V1.

First, the analysis of the gas phase has given the following results regarding the TDMSA conversion, with
an error range of 11%:

Table 5. Calculated TDMSA conversion across the various experiments.

Experiment TD4 TD5 D6 TD7 D8 TD9 TD11 TD12
Conversion 82 81 81 81 80 81 86 82
(%)

Therefore, there has been a conversion calculated of 81% and that will help fit V1 closer to reality.

An interesting point to note at this point is that all experiments show more or less the same conversion
even though some contain N H; and all have different O, flow rates. This is an extra verification that the
mechanism begins with the thermal decomposition of TDMSA, and without the aid of any extra species.

In order to calculate the kinetic parameters of V1, another series of experiments took place with the
starting conditions of TD9 (2 sccmm TDMSA, absence of 0,) but at various temperatures. Specifically, 580,
625, 650 and 700°C. The reason behind these experiments is to assist in calculating the activation energy
Es for V1 through the TDMSA conversion at different temperatures. The results were the following:

Table 6. Calculated TDMSA conversion after its decomposition at different temperatures.

Experiment 580°C 625°C 650°C
Conversion 10 40 31
(%)

As expected at lower temperatures the TDMSA conversion decreases significantly.
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Assuming the reactor as a plug flow reactor (PFR) we calculate from the mass balance:
dc
Q+C,—Q*C(x+dx) ZV*E (11)

V=S5=xdx (12)

We are assuming steady-state regime with the conditions at a given location in the PFR being constant.
For a first order reaction we have:

X kcas
i (13)

Combining the equations (9), (10) and (11) and integrating for the length L of the PFR we get:

Cout *S*L
=exp(——) (14
2 exp () (19)

The conversion is expressed as:
X = (Cin = Cout)/Cin (15)

Correlating the conversion through (13) to the reaction rate kinetic constant k through (12), we get:

—k*xS=*L

X=1—exp( 0

) ae)
Calculating for the above experiments, we find the kinetic parameters:

Ea = 250.66 k] /mol

These values are acceptable since, as we have explained before, we are constructing an apparent kinetic
model and thus its kinetic parameters need to be able to recreate the experiments, rather than be
theoretically correct.

4.2.3.4 TDMSA vyield calculation

The final series of calculations that was performed related to the yield of TDMSA, meaning the amount
of TDMSA that got converted into SiO,N,, on the solid phase or that was transformed in to gas-phase by-
products that didn’t lead to film formation. This calculation, even if we do not need it directly to perform
the simulations, can give an insight on how much of our reactant ends up on the solid phase and how
much leaves the reactor unreacted or gets converted into gas-phase by-products.

The vield calculation was made for the experiment TD7 and is a correlation between the TDMSA
consumption inside the bubbler and the mass gain on all the 18 substrates after the end of the

experiment.
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The results were as follows:
TD7rpmsa yiera = 0.087%

Seeing this low value for the yield while having a relatively high conversion (81% + 11% as taken from the
GC-MS analysis), it becomes obvious that the biggest part of the TDMSA that enters the reactor, ends up
being converted into non film-forming gas-phase by-products. This realization is very important since it
correlates well with the high quantity of the identified by-products, for which we only had qualitative
results for so far, as well as the significance of enriching the system with many gaseous, apparent
reactions to better represent the system in the simulations. More about this issue will be discussed in
the perspectives section of this report.

4.3 Simulation results

The simulations were based on experiment TD7 as it was the only one for which enough experimental
data were available due to the health situation related to COVID-19.

The total mass flow for the simulation is:
MassFlow = 8.38763 * 107> kg/s
The mass fractions of the species at the inlet as calculated for experiment TD7 are:
TDMSA = 0.0026494

0, = 0.0001697
N, = 0.9971809

The simulations begin with the introduction of the first volumetric reaction V1. The simulation uses the
calculated kinetic parameters of V1.

Reaction Stoichiometry ReactionRate
and Kinetic constants

Volumetric ky1[TDMSA]
Reactions .

(V1)  TDMSA — INT(N) + INT(Si) B _ 250.66
(kmol/m?3s) ky, = 0.18 X exp RT(O

The code for this simulation is simV900 and the profile of the simulation is presented below.
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Figure 15. SimV900 profile.

ﬂ

The contour of INT(N) was not presented as it has the same form as the one of INT(Si).

Something that we can observe from this starting simulation is that V1 is very active and takes place
mostly at the very first part of the reactor. As a result, the two intermediates produced are present from
early on even though the deposition begins only after around 0.18 m of the reactor. This could be an
indication it is S1 and S2 that define the temperature that the deposition will occur rather than V1 since
V1, the decomposition of TDMSA appears to take place even at low temperatures.

Following the introduction of V1 we introduce the solid phase reactions S1, S2 with the simulation

simV901. The kinetic parameters of this simulation were implemented as calculated from the sliced
reactor calculation sheet, that has been described in a previous paragraph.

Table 7. SimV901 kinetic parameters.

simvV901  Ea (kJ/mol) A
S1 1.98E+08 9.88E+13
S2 2.12E+08 2.32E+08
a b c
1.76 0.43 1.2

The deposition profiles obtained by simV901 are the following:
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Figure 16. Comparison of the SiO, thickness between simulation simV901 and ellipsometry.
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Figure 17. Comparison of the Si; N, thickness between simulation simV901 and ellipsometry.

45



The kinetic values calculated by the sliced reactor gave a very good starting point for fitting the
depositions. These results though, are not satisfactory and thus further manually optimization is required.

SimV902 produced the optimized results that are presented below.

Table 8. SimV902 Kinetic parameters

simV902  Ea (kJ/mol) A
S1 1.70E+08 5.00E+12
S2 4.00E+08 1.20E+19
a b c
1.76 0.43 1.2
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Figure 18. simV902 profile



An interesting observation of these contours is that O, is hardly consumed by S1. This is an observation
that leads into thinking of adding O, consuming reactions in order to regulate better its consumption and

have more control over S1 and thus the Si0, deposition.
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Figure 19. Comparison of the Si0, thickness between simulation simV902 and ellipsometry.
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Figure 20. Comparison of the Si; N, thickness between simulation simV902 and ellipsometry.

The results of simV902 show that S2 has been fitted well since the Si;N, deposition of the simulation
follows relatively closely the one of ellipsometry even though the simulation appears to have a peak
contrary to the results of ellipsometry. At the same time, it shows the need of complexifying the kinetic
mechanism of silica since the Si0, deposition seems to have a different shape between simulation and
ellipsometry. A need for a new volumetric reaction is evident.

This volumetric reaction is V2.

V2: 3INT(Si) + 20, — Siloxane + H,0

The reason Siloxane was selected as the by-product in place of another by-product observed by the gas-
phase analysis, like a silanol, is based on the fact that we observe multiple species of the siloxane family
and the mechanism suggested for the siloxane formation is a direct derivative of a reaction between
INT(Si) and 0,, the two species that we want to regulate.

V2 will be a competitive reaction to S1 and in this way more control over the Si0, deposition will be
obtained. The limiting element of S1is 0, as it can be observed by the contours of simV902 (Fig 18). The
calculation of the kinetic parameters of V2 will be made through searching for a reaction that consumes
enough 0, to allow S1 to give a deposition as the one of ellipsometry.
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First the oxygen concentration that will give the ellipsometry deposition curve on the current model
needs to be calculated. This is achieved in the following way:

Rate
[INT(Si)]® * k

[0,]° = (17)

With the rate of the reaction coming from ellipsometry while k being calculated by the kinetic parameters
on the current model (simV902).

Considering V1, S1 and INT(Si) known from the current kinetic system we make the mass balance.

(Qi *[02]; — Qi41 * [02]i41 — Rsq *

Vslice

S
RVZ _ sltce) (18)

Making the Arrhenius plot we can then find the kinetic parameters of V2.

Calculating the parameters of V2 as described above, recalculating these of S1 and implementing them
on FLUENT in simulation simV904, the following results are obtained:

Table 9. SimV904 Kinetic parameters.

simVV904  Ea (kJ/mol) A
S1 1.86E+08 1.81E+13
V2 5.26E+08 2.72E+35
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Figure 21. Comparison of the Si0O, thickness between simulation simV904 and ellipsometry.

The shape of the Si0, deposition curve after the introduction of V2 has been improved. However further
manual manipulation is required. This manual manipulation will, for the most part be a result of
increasing the intensity of S1.

The results of the Si; N, are not shown here as they do not change from simV904 and onwards.

Simulation simV907 is the final simulation for TD7 and its results are presented below.

Table 10. SimV907 Kinetic parameters after manual fitting.

simV907  Ea (kJ/mol) A
S1 3.00E+08 1.00E+20
V2 5.26E+08 7.00E+34

4.23e+02 4.99e+02 5.75e+02 ] 6.51e+02 7.26e+02 8.02e+02 8.78e+02 9.29e+02

[k]
B 2000 B
{ kgmofhR9&HHO 5.73¢-11 1.15e-10 1.72e-10 2.29¢-10 2.86e-10 3.44e-10 3.82e-10
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Figure 22. simV907 profile.
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Figure 23. Comparison of the Si0, thickness between simulation simV907 and ellipsometry.



Finally, the Si0, deposition has been satisfyingly fitted and the kinetic mechanism has been formed.
Something can be noticed though is that the Si0, deposition starts 2 samples later on the simulations.
This will result in an overestimation of the nitrogen at.% at this region, as will be discussed later on.

The profile of the total thickness is as follows:
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Figure 24. Comparison of the total thickness between simulation simV907 and ellipsometry.

The experimental error bars are added in this graph only since it represents the final result of the fitting
attempts on TD7.

Figure 25. Photograph of TD7 deposition on silicon substrates (top). Contour of simulated deposition

profile (bottom).
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Table 11. Final values of the kinetic parameters used in the developed model.

Kinetic system Ea (kJ/mol) A
V1 2.51E+02 1.80E-01
S1 3.00E+08 1.00E+20
S2 4.00E+08 1.20E+19
V2 5.26E+08 7.00E+34
a b C
1.76 0.43 1.2

Table 11 shows the final set of reactions and kinetic parameters. The proposed chemical model with
above reaction kinetic were tested on the other experiments of the TDMSA /O, chemical system in order
to check the performance of the developed simulation mechanism.

4.4 Evaluation of the developed model through simulation of the parametric analysis using TD7,
TD11,TD12, TD14

In this section the results obtained after applying the developed deposition mechanism with the
calculated reaction kinetics to the rest of the experiments are presented.

Table 12. Experimental conditions of the experiments in analysis.

TDMSA = 2sccm 0, (sccm) T°C
TD11 0.3 650
TD7 0.6 650
TD12 1.2 650
TD14 0.6 625

4.4.1 Deposition rates

The biggest part of this search through the simulations was given into fitting the deposition rates of each
experiments. The results of this effort after applying the kinetic model developed on TD7 on the rest of
the experiments are presented in the following sections.
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Figure 27. Comparison of the experimental total deposition rates between the 4 experiments in
question.

Comparing the behavior of the deposition rates between the simulations and ellipsometry, one can
notice a few things. Firstly, moving from low to high O, flow rate (TD11->TD7->TD12), a different
behavior of the maximum of the deposition rates is observed. In the simulations, the maximum of the
deposition rate curves moves to the left with increasing the oxygen flow rate, having the TD12 curve peak
as the most left one. In the results of ellipsometry, the opposite phenomenon is observed where higher
0, flow rate shifts the maximum to the right, having TD11 curve peak as the leftmost one. This is an
important observation that mildly undermines the credibility of this first simulation mechanism, as we
have feared.

Also, focusing on the experiments TD7 and TD14, which were conducted for the same flow rates but at
different temperatures, one can notice that the simulation underestimates the deposition rate, having
though a good result for the peak position of TD14.

The experimental and calculated deposition rate results of each experiment separately are presented
below.
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Figure 28. Comparison of the total deposition rate between simulations and ellipsometry for
experiment TD7.
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Figure 29. Comparison of the total deposition rate between simulations and ellipsometry for
experiment TD11.
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Figure 30. Comparison of the total deposition rate between simulations and ellipsometry for
experiment TD12.
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Figure 31. Comparison of the total deposition rate between simulations and ellipsometry for
experiment TD14.

4.4.2 Atomic N%
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Beyond the deposition rate of the solid phase reactions, the atomic percentage of nitrogen in the film is
also of high interest, since it is through the addition of nitrogen that the film gains the desired insulation
properties.

First, the comparison between simulation and ellipsometry on the experiment TD7 is presented.
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Figure 32. Comparison of the at.% of nitrogen between simulations and ellipsometry for experiment
TD7.

An overestimation of the at.N% is observed at 15-25 cm of the reactor. This overestimation is a result of
underestimating the Si0, deposition in that exact same part of the reactor.
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Figure 33. Divergence of the first part of the thickness profile of SiO2 between simulations and
ellipsometry for experiment TD7.

There appears to be a shoulder at the start of the Si0, deposition which indicates that the incorporation
of silica in the film happens through more than just one reaction. The issue that occurs because of that
is that the position of the peak of the deposition and the starting point of the deposition cannot be fitted
at the same time having just one solid phase reaction producing Si0O, (S1). In order to have a better fit,
enriching the mechanism with a new solid phase reaction producing silica would be required.

The results of the at.N% of the rest of the experiments are presented below as well as those of
ellipsometry.
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Figure 34. Comparison of the simulated at.% of nitrogen between the 4 experiments in question.
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Figure 35. Comparison of the experimental at.% of nitrogen between the 4 experiments in question.

First of all, it is evident that the incorporation of N in lower temperatures is lower, since TD14 has a
significantly lower at.N% throughout the whole length of the reactor. This result can be expected since
the two deposition reactions (S1 and S2) are competitive to each other for the formation of the film and
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since S1 is more reactive, due to the presence of 0,, we expect this difference in reactivity to be
accentuated when lowering the temperature.

Furthermore, it is also proved that experiments with lower O, flow rate will produce film with higher
at.N%. This trend can be observed in the simulations as well, where for the first 0.43m of the reactor the
order of atomic nitrogen content from higher to lower between the experiments is the same as the order
of lower to higher 0, flow rate (TD11-> TD7-> TD12). After around 0.43m of the reactor though, this
phenomenon seems to reverse, something that we cannot observe in the ellipsometry results and is a
further indication that the kinetic model needs further refinement.

Another important observation is the significant underestimation of the nitrogen content for experiment
TD11.TD11, being the experiment with the least 0, was expected to show the highest nitrogen content,
something that we can observe in both simulations and ellipsometry results. The difference in values
between ellipsometry and simulations though is very significant. This observation indicates that at low
concentrations of 0,, it is very probable that the kinetics change significantly, causing a much higher
implementation of N in the film, which the current kinetic model does not account for.

Finally, we can also observe from experiment TD14, that our model cannot estimate with sufficient
accuracy the atomic nitrogen percentage at different temperatures, same as with the deposition rates.

The experimental and calculated nitrogen content results of each experiment separately are presented
below.
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Figure 36. Comparison of the at.% of nitrogen between simulation and ellipsometry for experiment
TD7.
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Figure 37. Comparison of the at.% of nitrogen between simulation and ellipsometry for experiment
TD11.
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Figure 38. Comparison of the at.% of nitrogen between simulation and ellipsometry for experiment
TD12.
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Figure 39. Comparison of the at.% of nitrogen between simulation and ellipsometry for experiment
TD14.

4.5 Perspectives

Until the present point, the work done cannot be considered completely finished, mostly due to the
choice of developing a very simply model. Additionally, the choice to ignore carbon, an element that has
a significant contribution in the formation of the film, can also lead to errors in the simulated results. For
this reason, the next part of this report will focus in methods and ways to enrich the system, in order to
optimize the kinetic model further.

4.5.1 Current system optimization

The results presented, knowing the few amounts of experimental data available, must be further
optimized. The imperfect fit is most evident in results replicating the atomic nitrogen percentage, where
across all simulations, the nitrogen content is overestimate at the inlet part of the reactor, while the
general simulated curve of the Siz N, deposition appears to have a peak contrary to the curve formed by
ellipsometry.

To optimize these aspects an important assumption needs to be made. The conversion of TDMSA is
relatively high (81%) and at the same time the calculations for the experimental yield of TDMSA give a
yield lower than 1%. As already said, it is known by the gas phase analysis that there is a plethora of by-
products exiting the reactor. It is evident that the biggest amount of TDMSA is transformed into by
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products and exits the reactor without participating in any film-forming reactions. In the kinetic system
created, there is a very high number of intermediates (INT(Si), INT(N)) that needs to be consumed and
form gas phase by-products in order to closer represent the reality of the gas phase. This way, more
control over the film formation will be obtained, while at the same time as these new byproducts can be
used as potential intermediates for addition reactions that lead to formation of the respective oxide and
nitride film components. It has been shown that the Si0, deposition has a shoulder that indicates its
formation from more than one reaction and thus a species, that is observed among the by-products,
could be potentially used as a means to incorporate more Si0, forming solid phase reactions.

At the start of this project, there were unfortunately no results on the conversion of TDMSA. Waiting for
these results, the simulations were being made for 50% TDMSA conversion. Compared to the 81%
conversion that is followed at the moment, there was a much lower concentration of intermediates in
the reactor before. Some results of these series of simulations will be presented.
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Figure 40. Comparison of the Si0O, thickness between simulations and ellipsometry for experiment
TD7 of the 50% TDMSA conversion simulation series.
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Figure 41. Comparison of the Si; N, thickness between simulations and ellipsometry for experiment
TD7 of the 50% TDMSA conversion simulation series.

Two things can be observed. Firstly, that the Si0, is a bit better fitted when fitted for 50% conversion,
still there is the underestimation of the silica deposition on the first part of the reactor. Most importantly,
there is no peak in the SizN, deposition when fitted for 50% conversion.

A consumption of the intermediates for the formation of by-products is thus important since it is coherent
with the gas phase analysis where we observe many species exiting the reactor as well as it helps us
control the deposition reactions better.

4.5.2 Carbon incorporation

The kinetic system that has been developed and implemented into the simulations is far from perfect,
and thus an ongoing work. There are several points in this work that need optimization in order to end
up with a concrete simulation system representing the experimental results with good accuracy, and one
which can be valorized for optimizing the process.

To begin with, as explained previously, the fact that the kinetic system developed does not take carbon
into account, an element, which is known to exist in the produced films and has an important influence
on its structure. The issue encountered that caused ignoring the carbon content came up as an inability
of ellipsometry to create a model containing carbon. For this reason, the two-phase model was followed
(5i0,/Si3N,) thus giving significant error in the volumetric fractions used.

The search for a solid phase analysis that can give results on the carbon content is important to finish this
work. The IBA analysis would be the most useful since it can provide the atomic composition of the films.
This way, working on the atomic level assumptions of describing the film as a multiphase model would
be avoided. The problem with IBA is that it is an expensive and time-consuming method making it almost
impossible to have the plethora of results that ellipsometry can provide. At the same time, a strategy
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could be constructed to analyze few and specifically selected samples from key points in the reactor,
enough to create the kinetic model.

The final days of this thesis, a new ellipsometry model was created, based on the IBA results that were
supplied to the project. This new ellipsometry model was able to account for carbon with relative
accuracy on its atomic percentage, as well as that of nitrogen. However, this work, though promising in
helping with the creation of a more representative kinetic system needs, further investigation and
validation.

If solid-phase results containing carbon were to be considered, the chemical system would have to be
enriched with reactions that introduce the carbon in the film. A way that these reactions could be
introduced in the existing system could be through careful inspection of the C/N atomic ration in the films.
After assuming a starting view on how carbon is incorporated in the film in relation to nitrogen and
oxygen, specific amounts of C H; moieties would be added in each of the two intermediates.

A first proposal on how a potential kinetic system could be formulated, to incorporate the inclusion of
carbon, is described below.

V1: TDMSA — INT(Si) + INT(N)
V2:3INT(Si) + 20, - siloxane + H,0
V3:INT(N) + 0, » INT(N)_lessC + by — products

S1:INT(Si) + O3 — carbonated_SiO,
S2:INT(N) — carbonated_Sis;N,
S3:INT(N)_lessC — less_carbonated_Si;N,

The idea behind the above proposals is to introduce the carbon in the system through intermediate
molecules, that already contain carbon and at the same time introduce reactions that cleavage some
CH; ligands of the intermediates in order to regulate and control the incorporation of carbon in the film.

4.6 Conclusions

This current thesis has managed to establish a good foundation and methodology on the development
of the kinetic model of the TDMSA/0, chemical system. Based on the use of experimental data combining
both gas-phase and solid-phase results, their careful analysis and interpretation has achieved the
extraction of kinetic constants for the proposed reactions. The developed chemical model has
successfully managed to fit and reproduce the experimental results in the simulation software with
satisfactory accuracy, despite its simplicity. Nevertheless, this work, as previously mentioned, includes
several assumptions that jeopardize its validity when simulating experiments performed at different
conditions. The primary conclusion is that the assumption of a mere SiO,/SisN4 two-phase system, that
completely disregards the presence of carbon, leads to an inability to accurately represent certain sets of
experimental conditions when simulated.
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The chemistry that has been selected for this project has both positive and negative aspects. A
disadvantage is that it appears to be a very complicated chemical system, based on the complexity of the
TDMSA precursor. Additionally, the high energy required for the precursors decomposition translates to
avery low yield, while a very significant number of gas-phase by-products, both in species and in quantity,
that do not contribute to film formation, is produced at the same time. This renders the construction of
the kinetic model a complicated task, having to resolve into summarizing many of the reactions into fewer,
apparent ones. Because of this, many of the reactions, whose involvement in the system is significant,
are overlooked, since our focus is to replicate the solid phase reactions, which constitute in fact a very
small part of this specific chemical system. As such, ignoring the multitude of reactions that are possibly
taking place in the gas phase, contributes to significant errors in the simulation of the gas-phase
concentrations of the various species, and impacts as a result, the reaction rates of the surface reactions
in which these species participate.

At the same time, the existence of carbon in the system is cause for a reformulation of the model, when
taking into account that the actual material that is being formed in the reactor is a SiO, N, C,H, material,
rather than a much simpler SiO,N,, one, for which the thesis was based on and worked with. In order to
include the carbon in the kinetic model, careful consideration of all available gas-phase and solid-phase
results is required, because its incorporation translates to an additional parameter that has to be fitted
in an already very saturated system.

However, one of the advantages of this system is the novelty of the utilized chemistry, which has not been
explored yet in the literature, in relation to an atmospheric thermal CVD process. Moreover, this novelty
also relates to the formation of silicon oxynitrides at low temperatures, without the requirement for
ammonia. While there are many aspects of the kinetic model that can be refined, the chemistry itself
shows a lot of potential, solidifying the interest to further study and improve its simulation, with the aim
to optimize the deposition process. For this reason, even though this work consists only of a brick, it is
hoped to help future researchers construct a wall.
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Appendix

The UDFs of the temperature profile implementation are presented below
T=650°C thermal profile :

# include "udf.h"

DEFINE_PROFILE(T650,thread,nv)
{
face tf;
real xc[ND_NDJ;
begin_f loop (fthread)
{
F_CENTROID(xc,f,thread);
{
if((xc[2]<0.20914))
F_PROFILE(f,thread,nv)= -88165.022547*((xc[2])*(xc[2])*(xc[2]))
+29102.493055*((xc[2])* (xc[2]))
- 297.954810355*((xc[2]))
+464.8816784;
else if ((xc[2]<0.6))
F_PROFILE(f,thread,nv)=-1893241.976*((xc[2])*(xc[2])* (xc[2])* (xc[2])* (xc[2])*(xc[2]))
+4278394.077*((xc[2])*(xc[2])* (xc[2])* (xc[2]) * (xc[2]))
- 3952366.297*((xc[2])*(xc[2])* (xc[2])* (xc[2]))
+1909959.967*((xc[2])*(xc[2])* (xc[2]))
- 510319.7429%((xc[2])*(xc[2]))
+71992.35814*((xc[2]))
- 3330.025407;
else
F_PROFILE(f,thread,nv)= 831.789;

}
end_f loop(f,thread)
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}
}

T=625°C thermal profile :
# include "udf.h"

DEFINE_PROFILE(T625,thread,nv)
{
face tf;
real xc[ND_NDJ;
begin_f loop (f,thread)
{
F_CENTROID(xc,fthread);
{
if((xc[2]<0.134))
F_PROFILE(f,thread,nv)=-113205.59*((xc[2])*(xc[2])*(xc[2]))
+39807.72*((xc[2])*(xc[2]))
-1118.73*((xc[2]))
+438.44;
else if ((xc[2]<0.6))
F_PROFILE(f,thread,nv)= - 52069.414*((xc[2])*(xc[2])*(xc[2])* (xc[2]))
+ 75454.43*((xc[2])*(xc[2])*(xc[2]))
-40911.265*((xc[2])*(xc[2]))
+9952.5%((xc[2]))

- 32.86;
else
F_PROFILE(f,thread,nv)= 760.548;
1
end_f loop(f,thread)
}
}
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