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SUMMARY

Te gain insights in the complex interplay between gas phase and surface reactions
during the low pressure ¢hemical vapour deposition (LPCVD) of polycrystalline silicon,
the latter was subjected to a comprahensive Kinetic investigation. Emphasis was put
on the development of intrinsic kinetic models which allow a quantitative description
of the expserimental observations both in the absence and in the presence of gas
phase reactions. Besides classical steady state experiments, algo transient response
experiments were performed. The devaloped kinatic model was then used for the
design and analysis of an industrial-scale hot-wall multiwafer LPCVD reactor.

A continuous flow laboratory reactor was designed, based on the principle of gas jet-
agitated reactors. Computational fluid dynamics calculations showed that the
penatration of the laminar jets is confined to a small region close to the inlet nozzles,
meaning that convective mass transport is insignificant. At the low pressures
employed, however, mixing on reactor scale is almost completely determined by fast
molecular diffusion. Micromixing effects on the gas phase reactions are absent,
because first order and pseudo-first order reaclions dominate the gas phase
chemistry. The effectivenass of both heat transport on reactor scale and heat transfer
between deposition surface and gas phase is large enough to consider temperature
uniformity over the complete reactor. Due to the high surface reaction probability of
the gas phase intermediates formed during the pyrolysis of silane, significant mass
transfer resistances develop for these species. The shape of the corresponding
cencentration profiles is a complex function of the Damkéhler-1l number based on the
surface kinetics, and a Thiele modulus based on the gas phase Kinetics. Depending
on the values of these numbers, the concentration gradients of the gas phase
intermediates are |ocated within a few millimeter from the growing silicon layer or
throughout the complete reactor: the lower the Damkdhler-1l number and the higher
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the Thiele modulus, the larger the fraction of the gas phase reaction volume with a
uniform concentration. As these irreducible concentration gradierits have to be
accounted for during the regression of the experimental data in order to obtain intringic
kinetic information from the experiments, a one-dimensional reactor model was
developed explicitly accounting for these gradients by considering molecular diffusion
with simultaneous gas phase reactions.

Steady state kinetic experiments were performed at total pressures between 25 and
125 Pa, temperatures between 883 and 963 K, and inlet hydrogen-to-silane ratios
between O and 2. Differential operation with respect to silane conversion and silicon
deposition is satisfied up to roughly 912 K and 50 Pa in case pure silane is fed.
Cofeeding hydrogen expands the differential operating regime towards higher total
pressures and higher temperatures, probably as a result of lowering the silane partial
pressure. In addition, it also inhibits the silicon growth as vacant surface sites are
covered by hydrogen adatoms and, as a result, silane adsorption is hampered. Partial
reaction orders of silane typically range from 0.28 and 0.44, depending on silane
space time and feed compogition. The apparent activation energy of the deposition
process amounts to 155.5 kJ mol™, indicating that the experiments were canducted in
a kinetic regime where hydrogen desorption in particular is impaortant. Departure from
differential operation at higher pressures and temperatures can be attributed to the
occurrence of gas phase reactions. At total pressures higher than 50 Pa, a maximum
is attained in the normalized SijH, concentration versus silane space time. The space
time at which the maximum is reached is independent of pressure, whereas the heigth
of the maximum increases quadratically with pressure. In addition, with increasing
temperature the maximum shifts to shaorter space times while ingreasing in heigth.
These trends can be explained gualitatively on the basis of a perfectly stirred tank
reactor model and a paraliel-consecutive kinetic scheme accounting for silicon
deposition from silane and disilane produced during pyrolysis of the former.

The reaction kinetics in the absence of gas phase reactions can be adequately
described with a six-step elermentary reaction mechanism as determined by modelling
of the kinetic experiments in this region. Heterogeneous decomposition of silane
ccours via dual-site dissociative adsorption forming a surface trihydride species and
a hydrogen adatom, followed by potentially fast decomposition of this trihydride
species through dihydride and monghydride species towards solid silicon and three
hydrogen adatoms. Regeneration of the partially hydrogenated silicon surface takes
place by first order recombinative desorption of molecular hydrogen through excitation
of a covalently bound hydrogen adatom from a localized surface Si-H bond 1o a two-
dimensional delocalized state followad by recombination of this excited hydrogen atom
with a second localized hydrogen adatom. The only kinetically significant reactions
involve the dual-site dissociative adsorption of silane and the firgt order recombinative
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desorption of hydrogen. The involved kinatic and thermodynamic parameters were
estimated by means of single-regponse nonlinear regression.

A four-step elementary gas phase reaction network coupled to a ten-step elementary
surface reaction network, the latter based on the above menficned six-step
mechanism, allows to describe the experimental observations in the presence of gas
phase reactions as well. The gas phase reactiona involve dissociation of silane into
silylene and hydrogen, formation of disilane from silane and silylene, subsequent
decomposition of digilane inte silylsilylene and hydrogen, and isomerization of
silylsilylene towards disilene. Rice-Ramsperger-Kassel-Marcus (RRKM) calculations
showed that none of these reversible reactions is in its high-pressure limit and that
pressure fall-off effects have to be accountad for explicitly. The surface reactions
involve dual-site adsorption of silane, silylsilylene and disilene, single-site adsorption
of silylens and disilane, subsequent decomposition of the formed surface silicon
hydride species, and adsorption/ desorption of hydrogen. The Kinetic paramatérs of
the rnost important reactions, as identified by sensitivity analysis, were estimated by
means of multi-response nonlinear regression,

Deposition path analyses performed for the laboratory reactor in the complete range
of experimental conditions congidered revealed that silylene and disilane are by farthe
most important gas phase intermediates, with a contribution to the silicon growth rate
up to roughly 40% depending on space time and total pressure applied. Silylene is
almost completely formed through gas phase decompaosition of silane. Formation of
silylene through gas phase decompaosition of disilane is in general less important.
Consumption of silylene takes place through surface decomposition into solid silicon
and molecular hydrogen, and via insertion into silane. The latter reaction fully
accounts for the production of disilane. Consumption of disilane on the other hand
takes place via surface decomposition into sofid silicon, molecular hydrogen and
gilang, and to a lesser extent via gas phase decompositicn into silylsilylene and
hydrogen. The relative importance of gas phase intérmediates for the silicon deposition
process decreases with increasing silane space tima and decreasing total pressure,
and is independent of tamperature.

The developed kinetic modal allows to simulate silicon growth rate data obtained in g
conventional hot-wall multiwafer LPCVD reactor without adjustment of any kinetic
parameter. The validity of both a one-dimensional two-zone reactor mode! and & fuily
two-dimensional reaclor model was tested. The former consists of two sets of one-
dimensional continuity equations for all gas phase components: one set allows to
calculate the concentration profiles along the axial coordinate in the annular zone,
while the other set allows 1o calculate the concentration profiles along the radial
coordinate in the interwafer zone. Coupling between both sets is accomplished by the
boundary conditions at the wafer edges. The fully two-dimensional reactor modsl
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foliows from the straightforward application of the conservation laws of mass,
momentum and energy. Calculations with the latter revealed significant concentration
gradients for the homogeneously formed gas phase intermediates in both the axial
diraction of the interwafer zone and the radial direction of the annular zone. Although
the one-dimensional two-zone reactor madel does not account for these concentration
gradients, silicon growth rates calculated using this strongly simplified reactor modet
do not essentially differ from those calculated on the basis of a fully two-dimensional
reactor model. Even under conditions where 20% of the silicon growth originates from
reactive gas phase intermediates such as silylene and disilane, a one-dimensional
two-zone reactor model is sufficient to adequately describe silicon growth rate data
obtained in such a reactor.

Cnce validated, the one-dimensional two-zone reactor model was used 1o provide
insights in the effects of typical operating conditions such as interwafer spacing and
reacior tube radius on the interaction between the chemical reaction kinetics and the
mass transport phenemena in an industrial-scale LPCVD reactor. Simulations showed
that the radial growth rate non-uniformity across a wafer is completely determined by
the radial variations in the growth rates from silylene and disilane. These species are
the most important gas phasa intermediates with a contribution to the silicon growth
rate of typically 1 to 5% at industiially relevant operating conditions. Due to the high
reactivity of silylene and disilane on the surface and/or in the gas phase significant
concentration gradients for these species develop in the radial direction between
successive wafers. With increasing reactor tube radius, i.e. with decreasing surface-to-
volume ratio of the annular zone, the radial growth rate nen-uniformity increases
significantly due to the higher concentrations of silylene and disilane formed in this
zone, The effect of interwafer spacing on radial growth rate non-uniformity is less
pronounced.

Besides the above mentioned steady state experiments, transient response
experiments using the Temporal Analysis of Products (TAP) technique were conducted
as well. By quantitative modelling of silane experiments performed on polycrystalline
silicon at teémperatures roughly coinciding with those applied in the laboratory reactor
additional evidence was obtained for the correctness of the six-step mechanism
derived for polysilicon deposition in the absence of gas phase reactions.
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Om inzicht te verkrijgen in het complexe samenspel van gasfase- €n opperviakreacties
tijdens de low-pressure chemical vapour deposition (LPCVD) van polykristallijn
silicium, werd dit proces onderworpen aan een uitgebreid kinetisch onderzoek. De
nadruk werd hierbij gelegd op de ontwikkeling van intrinsiek kinetische modellen, die
een quantitatieve beschrijving van de experimentele waarnemingen mogeliik maken
zowal in afwezigheid als in aanwezigheid van gasfasereacties. Behalve klassieke
stationaire experimenten werden ook transiénte responsexperimenten vitgevoerd. Het
ontwikkelde kinetische model werd vervolgens gebruikt voor het ontwerp en de
analyse van een hete-wand multiwafer LPCVD-reactor op industriéle schaal.

Een continu doorstroomde laboratoriumreactor werd ontworpen, gebaseard op het
principe van gas jet-geroerde reactoren. Computational fluid dynamics berekeningen
lieten zien dat de penetratia van de laminaire jets beperkt blijft tot een klein gebied
dichtbij de inlaatnozzles, hetgeen betekent dat convectief massatransport irrelevant
is. Echter, bij de toegepaste lage drukken wordt menging op reactorschaal bijna
volledig bepaald door snelle moleculaire diffusie. Micromengeffecten op de
gasfasereacties 2ijn afwezig, omdat eerste orde en pssudo-eerste orde reacties de
gasfasechemie domineren. De effectiviteit van zowel het warmtetransport op
reactorschaal als de warmte-overdracht tussen depositie-opperviak en gasfase is groot
genoeg om temperatuuruniformiteit over de gehele reactor te veronderstellen. Door
de hoge opperviakreactiewaarschinlijkheid van de gasfase-intermediairen, die
gevormd worden tijdens de pyrolyse van silaan, ontstaan significante massa-
overdrachtsweerstanden voor deze componenten. De vorm van de bijbehorende
concentratieprofielen is een complexe functie van het Damkohler Il getal, gebaseerd
op de oppervlakkinetiek, en een Thiele modulus, gebaseerd op de gasfasekinetiek,
Afhankelijk van de waarden van deze kengetallen zijn de concentratiegradignten van
de gasfase-intermediairen aanwezig over een paar millimeter vanaf de groeiende
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siliciumlaag of doorheen da gehele reactor: hoe lager het Damkahler Il getal en hoe
hoger de Thiele modulus, des te groter de fractie van het gasfagergactievolume met
een uniforme concentratie. Aangezien deze concentratiegradiénten in rekening moeten
worden gebracht tijdens de regressie van de experimentele data cm zo intringiek
kinetische informatie uit de experimenten te kunnen halen, werd een &én-dirnensionaat
reactormodel ontwikkeld, dat expliciet rekening houdt met deze gradiénten door
moleculaire diffusie met simultane gasfasereacties te beschouwen.

Stationaire kinatische experimanten werden uitgevoerd bij totaaldrukken van 25 tot 125
Pa, temperaturen tussen 863 en 963 K, en waterstof-silaan inlaatverhoudingen tussen
0 en 2. Aan differentieel bedrijf met betrakking tot silaanconversie en siliciumdspositie
wordt veldaan tot ruwweg 912 K en 50 Pa in geval zuiver silaan wordt gevoed. Het
toevoegen van waterstof aan de voeding vergroot het regime van differgntiee] bedrif
richting hegere totaaldrukken en hogere temparaturen, waarschijnlijk als een gevolg
van het verlagen van de partiaaldruk van silaan. Daarnaast remt het ook de
giliciumgroei, omdat vrije opperviakplaatsen bedekt worden door waterstofadatomen
en dientengevolge de adsorptie van silaan belermmerd wordt. Partile reactie-ordes
van silaan variéren tussen 0.28 en 0.44, athankelijk van de ruimtetijd van silaan en de
voedingssamenstelling. De schijnbare activeringsenergie van het depositieproces
bedraagt 155.5 kJ mol”, hetgeen aangeeft dat de experimentan werden uitgevoerd in
een kinetisch regime waar waterstofdasorptie vooral van belang is. Afwijking van
differenties! bedriff bij hogere iotasldrukken en temperaturen Kan worden
toegeschreven aan het optreden van gasfasereacties. Bij totaaldrukken hoger dan 50
Pa wordt een maximum verkregen in de genormaliseerde SiM -concentratia versus
de ruimtetijd van silaan. De ruimtetijd waarbij het maximum bereikt wordt is
onafhankelijk van de druk, terwijl de hoogte van hat maxirmurn quadratisch toeneemt
met de druk. Verder schuift het maxirmum met toenemende temperatuur naar kortére
ruimtetijden, terwijl het toeneemt in hoogte, Deze trends kunnen qualitatief verklaard
worden op basis van een model voor een perfect gemengde reactor en een parallel-
consecutief Kinetisch schema dat rekening houdt met siliciumdepositie vanuit silaan
en vanuit disilaan, gevormd tijdens de pyrolyse van de eerste.

In afwezigheid van gasfasereacties kan de reactiekinetiek goed beschreven worden
met ean zes-staps elementair reactiemechanisme, zoals bepaald via modellering van
de kinelische experimenten in dit gebiad. De heterogene ontieding van silaan vindt
plaats via dissociatieve adsorptie op twee naburige vrije sites waarbi] een trihydride
en aan waterstofadatoom gevormd worden, gevolgd door potentieel snelle ontleding
van dit trihydride via een dihydride en een monohydride naar vast silicium en drie
waterstofadatomen. De regeneratie van het gedeeltelik gehydrogeneerde
siliciumoppervlak treedt op via eerste orde recombinatieve desorptie van moleculaire
waterstof door excitatie van aen covalent gehonden waterstofadatoorn vanuit een
gelocaliseerde opperviak Si-H binding naar een twee-dimensionale gedeiocaliseerde
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toestand, gevolgd door recombinatie van dit geéxciteerde waterstofatoom met een
tweede gelocaliseerd waterstofadatoom. De enige kinetisch significante reacties
betreffen de dissociatieve adsorptie van silaan op twee naburige vrije sites en de
eerste orde recombinatieve desorptie van waterstof. De betrokken kinetische en
thermodynamische pararneters werden geschat middels niet-lineaire enkelvoudige
respons regressie,

Een vier-staps elementair gasfasereactienetwerk gekoppeld aan een tien-staps
elementair oppervlakreactiensetwerk, dit laatste gebaseerd op het bovenvermelde zes-
staps mechanisme, maak! het mogelik ook de experimentele waarnemingen in
aanwezigheid van gasfasereacties te beschrijven, De gasfaseroactios betreffen de
digsociatie van silaan in silyleen en waterstof, de vorming van disilaan uit silaan en
silyleen, de daaropvolgende ontleding van disilaan in silylsilyleen en waterstof, en de
izomerisatie van silylsilyleen tot disileen. Rice-Ramsperger-Kassel-Marcus (RRKM)
berekeningen lieten zien dat gean van deze reversibele reacties zich in de hoge-druk
limiet afspeelt en dat drukathankelikheidseffecten expliciet dienen te worden
meegenomen. De opperviakreacties betreffen de adsorptie van silaan, silylsilyleen en
disileen op twee naburige vrije sites, de adsorptie van silyleen en disilaan op één vrije
site, de daaropvolgende ontleding van de op het opperviak gevormde silicium-
hydrides, en de adsorptie/ desorptie van waterstof. De kinetische parameters van de
balangrijkste reacties, zoals bepaald via gevoeligheidsanalyses, werden geschat
middels niet-lineaire meervoudige respons regressie.

Depoesitiepadanalyses, uitgevoerd voor de laboratoriumreactor in het gehele bereik van
beschouwde experimentele condities, wezen uit dat silyleen en disilaan verreweg de
belangrijkste gasfase-intermediairen zijn, met een bijdrage aan de siliciumgroei-
gnelheid tot ruwweg 40% afhankelijk van de toegepaste ruimtetijd en totaaldruk.
Silyleen wordt bijna volledig gevormd door ontleding van silaan in de gasfase. Vorming
van silyleen via ontleding van disilaan in de gasfase is in het algemeen van minder
belang. Consumptie van silyleen vindt plaats door ontleding in vast silicium en
moleculaire waterstof, en via ingertie in silaan in de gasfase. Deze laatste reactie
neemt volledig de vorming van disilaan voor zijn rekening. Consumptie van disilaan
vindt aan de andere kant plaats via ontleding in vast silicium, moleculaire waterstof en
silaan, en in mindere mate via ontleding in silylsilyleen en waterstof in de gasfase. Het
relatieve belang van gasfase-intermediairen voor het siliciumdepositieproces neemt af
met toenemende ruimtetijd van silaan en afnemende totaaldruk, en is onafhankelijk
van de temperatuur.

Met het ontwikkelda kinetische mode! is het mogelijk om siliciumgroesisnelheidsdata,
verkregen in een conventionele hete-wand multiwafer LPCVD-reactor, ta simuleren
zonder aanpassing van nige Kinetische parameter. De geldigheid van zowel een £én-
dimensicnaal twee-zone reactormodel als een  volledig twee-dimensionaal
reactormodei werd getoetst. Het eerste model bestaat uit twee sets één-dimensionale
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continulteitsvergelijkingen voor alle gasfasecomponenten: é&én set laat toe de
caoncentratieprofielen langs de axiale codrdinaat in de annulaire zona te berekenen,
terwiji de andere set toelaat de concentratisprofiglen {e berekenan langs de radiale
codrdinaat in de plakkenzone. Koppeling tussen beide sets wordt tot stand gebracht
door de randvoorwaarden op de randen van de plakken. Heot volledig twee-
dimensionale reactormodel velgt uit de rechistreekse foepassing van de
behoudswetten van massa, moment en energie. Berekeningen met hat laatste model
leverden voor de homogeen gevarmde gasfase-intermediairen significante
concentratiegradiénten op in zowel de axiale richting van de plakkenzone als de
radiale richting van de annulaite zone. Ofschoon het één-dimensionals twee-zone
reactormodel geen rekening houdt met deze concentratiegradiénten, zin de
siliciumgroseisnelheden berekend met dit sterk vereenvoudigde reactormodel niet
essantieel verschillend van die berekend op basis van het volledig twee-dimensionale
reactormodel. Zelfs onder condities waarbi] 20% van de siliciumgroei afkomstig is van
reactieve gasfage-intermediairen zoalg silyleen en disilaan, is een één-dimensionaal
twee-zone reactormodel voldoende voor het adequaat kunnen beschrijven van de
siliciumgroeisnelheidsdata.

Eenmaal getoetst werd het één-dimensionale twee-zone reactormaodet gebruikt om
inzicht te verwerven in de effecten van typische bedrijffscondities zoals de afstand
tussen de plakken en de straal van de reactorbuis op de interactie tussen de
chemische reactiekinetick en de massatransportverschijnselen in een industriéle-
schaal LPCVD-reactor, Simuiaties lieten zien dat de radiale niet-uniformiteit in de
groeisnelheid over een plak volledig bepaald wordt door de radiale variaties in de
groeisnelheden van silyleen en disilaan. Deze compongnten ziin de belangrijksta
gasfase-intermediairen, met een bijdrage aan de siliciumgroeisnelheid van typisch 1
tot 5% onder industrieel relevante bedrijfscondities. Door de hoge reactiviteit van
silyleen en disilaan aan het opperviak en/of in de gasfase ontstaan in de radiale
richting tussen opeenvolgende plakken significante concentratiegradiénten voor deze
componenten. Met toenemende reactorbuisstraal, d.w.z. met afnemende opperviak-
volume verhouding van de annulaire zone, neemt, als gevolg van de hogere
concentraties van silylean en disilaan in deze zone, de radiale niet-unifarmiteit in de
groeisnelheid aanzienlijk toe. Het effect van de afstand tussen de plakken op de
radiale niet-uniformiteit in de grogisnelheid is veel minder uitgasproken.

Buiten de bovenvermelde stationaire experimenten werden ook transiénte
responsexperimenten uitgevoerd, gebruikmakende van de Temporal Analysis of
Products (TAP) technigk. Door het quantitatief modelleren van silaanexperimenten,
vitgevoerd op polykristallijn silicium bij temperaturen die ruwweq samenvallen met die
toegepast in de laboratoriumraactor, werd aanvullend bewijs verkregen voor de
juistheid van het zes-staps mechanisme, dat afgeleid werd voor de depositie van
polysiliciumy in afwezigheid van gasfasereacties,
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NOTATION

Roman symbols

PPrPBrE S

(= I

[vs)
5]

Whitten-Rabinovitch's correction factor
specific surface area

pre-axponential factor

affinity

geometric surface area

matrix used during orthagonal collocation
total deposition surface area

cross section area

parameter or paramater astimate

matrix used during orthogonal collocation
pressure correction constant for fall-off
of unimolecular reaction rate coefficient
pressure correction constant for fall-off
of unimolecular reaction rate coefficient
pressure correction constant for fall-off
of unimolecular reaction rate coefficient
collacation point ¢

calculated

specific heat capacity at constant
pressure

concentration

matrix used during orthogonal collocation
absolute calibration factor of component |

LR
m,? m,

reaction dep.
J mol”

J mol?

J mal?

J kg-1 K-1

mol m* or mol m,®

mol G
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d diameter r
d characteristic dimension m
d vector used during orthogonal collocation
D bond strength J mol”
D matrix used during orthogonal collocation
Dy, effective diffusion coefficient of component i m*m’ 5"
D, molecular diffusion coefficient of i in m® s’
a binary mixture of i and |
D, effective molecular diffusion coefficient m’ s’
of i in a muiticomponent mixture
D% effective Knudsen diffusion coefficient of mSm ' s’
component i
D" Knudsen diffusion coefficient of component i m,’ 5"
E energy J mol”
E residence time distribution
E, Arrhenius activation energy J mal”’
<AE = average rotational energy of energizéd J mal’!
molacule
E, zero-point energy J mol”
E, critical energy J mol!
f vector used in quadrature formula
f,(w/h) correction function for Knudaen diffusion
coefficient
f.(h/L) correction function for Knudsen diffusion
coefficient
F ratio of the mean regression sum of squares
to the mean residual sum of squares
F molar flow rate mol s
F correction factor for adiabatic rotations
F Laplace transform of the molar flow rate mol s
F, volumetric flow rate m? "
g gravity ms*®
G Gibbs energy J mol™
G, relative sensitivity factor of | with
respect 1o j
Gg silicon deposition rate or growth rate kg s
Gr, silicon deposition rate or growth rate mol m* s
h distance between wafers m,? m, '
h Planck constant (= 6.6262 10™) Js
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delocalized hydrogen atom
adsorption enthafpy

reaction enthalpy

activation enthalpy

intensity

electric current

modified Bessel function of first kind
and order zero

diffusive mass flux

Boltzmann constant (= 1.3807 10'%)
reaction rate coefficient

summation index

effective reaction rate coefficient for
formation of activated complexes from
energized molecules

(pseudo-)first order reaction rate coefficient

equilibrium coefficient

modified Bessel function of second kind
and order zero

length scale

mean free path length

surface concentration

length

total surface concentration of active sites
available for adsorption or reaction
reaction path degeneracy

reaction order

molacular mass

molar mass

collision partnet or third body

number of interior collocation points
nurnber of observations

reaction order

number of silicon atoms in component i
nurmber of gas phase reaction steps
number of surface reaction steps
rolar flux with respect to fixed
coordinates

numbaer of interior collocation points
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J mol”

J mol”

J mol”
arbitrary units
Cs'

kgm®s’
JK!
reaction dep.

=1

]
reaction dep.

m
m
mol m*?
m or m,
mol m® or molm,*

kg
kg mol™

mol m? g’
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Nav
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my|
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constant of Avogadro (= 6.023 10°%)
inlet pulse size

density of quantum states at energies
close o E

number of gas phase components

total number of silicon wafers

number of surface components
experimentally observed

number of parameaters

pressure

pressure difference

transition pressure

number of quantum states with energy
equal to E

polynomial with highest power m
volumetric flow rate at standard conditions
matrix used during orthogonal collocation
ratio of TAP signal surface areas with and
without reaction

partition function for adiabatic rotations
in reactant molecule

partition function for adiabatic rotations
in activated complex

partition function for all active modes

of reactant molecule

partition function of energized molecule
using ground state of reactant molecule
as zero of energy

reaction rate

radial coordinate

number of active rotational degrees

of freedom

volumetric reaction rate

argal reaction rate

gas constant (= 8,.3144)

radius

silicon deposition rate or growth rate
thermal molar energy

inner radius used in reactor mode!

mol”
mol
mal J

Pa
Pa
Pa

Nl min !

reaction dep.
m

mol m*® 57
mol m” s
Jmal!' K

ms
J mot!
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outer radius used in reactor modsl
estimated standard deviation
glicking probability

number of active vibrational degrees
of freedom

Laplace transform variable with respect to

dimengionless time

entropy

objective function

selactivity to | with respect to feed j
selectivity towards Si,H,

all gas phase components containing two

silicon atoms

adsorption entropy

reaction entropy

activation entropy

t-value

time

time interval

tabulated o/2-percentage point of the t-
distribution with n-p degrees of freedom
delay time

temperature

molar average velocity

masgs average velocity

sonic velocity

number of responses

geometric velume

gas phase reaction volume

width of wafer

weighting factor

width at half-height

energy associated with transtational
motion along reaction coordinate

axial coordinate

distance between two grid points along
axial coordinate

conversion of component i

molar fraction
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J mol! K'

J mol' K
J mol! K*
J mol! K'

J mol’

m or m,
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radial coordinate

response

coordination number

axial coordinate
dimensionless axial coordinate
collision factor

PN N M 2

Greek symbols

heat transfer coefficient

boat area/tube area

parameter

reaction probability

fugacity coefficient

diffusion layer thickness

delta-function with respect to axial
coordinate

delta-function with respect 10 dimensionless
axial coordinate

interwafer spacing

power input rate per unit mass of fluid
porosity

dimensionless axial coordinate

angle coordinate

fractional surface coverage

fraction of vacant surface sites available
for adsorption at beginning of experiment
collisional deactivation efficiency
Lagrangian multiplier

thermal conductivity

dynamic viscosity

kinematic viscosity

stoichiometric coefficient

dimensionless radial coordinate

constant {= 3.1415927)

density

stoichiometric number

i element of the inverse of the error varance-
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m® mol’ s

W m? K

wm' K
kgm's'
m- s

kg m’
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covariance matrix
T mean rasidence time 3
T characterstic time 5
T dimensgionless time
T viscous stress N m?
T tortuosity my* m,*
1, pulse width &
T, rapetition time s
Tras mean residence time 5
) Thiela modulus
B angle coordinate
L] contribution factor
W sensitivity factor
@ mass fraction
Dimensionless groups
Damkahler-| Da, =kdu’
Damkdhler-Il Da, =k d*D"
Knudsen Kn =1,d"
Mach Ma =uuy’
Nusselt heat transfer Nu =odi’
Peclet mass transfer Pe =udD’
Reynolds Re =pudy’
Thiele modulus & =dk'"p"?
Superscripts
a annular region
d disappearance
f formation
nom normalized
S58A steady state approximation
T transposed
w wall
w interwafer region

average
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Subscripts

]

ads
bim

des

eff

centre

standard

initiat

activated complex
caleulated
enargized molecule
reparameterized
forward

hackward

adgorption
adsorbed state
aresl

adsorption
bimolecular
desorption
desorption

thermal excitation
effactive

formation

gas phase

gas phase reaction
gas phase reaction
response

gas phase component
observation

inlet

insertion

gas phase component
gas phase reaction
response

element

surface component
lower bound
micromixing
surface reaction
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maximum

collision partner or third body
nozzle

quadrupole mass spectrometer
reaction

rotational

in the r-direction
reaction

stack

surface

sample

surface reaction
silicon

total

reactor tube
unimelecular

upper bound
vibrational
volumetric
vibrational-rotational
wafer

in the z-direction
inlat

initial

low pressure limit
high pressure limit
vacant site
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INTRODUCTION

Chemical vapour deposition (CVD), the process of synthesizing solid layers from the
gaseous phase by chemical reactions, has expanded into a multitude of advanced
materials applications, including microelectronics, optoslecironics, protective and
optical coatings.

Knowledge of the relation between layer depogition rate, uniformity, compaosition,
conformity and interface abruptness on cne hand and reactor geometry and process
conditions an the other is a prerequisite for the production of high quality materials.
Reactor oparation generally relies on semi-empirical corrglations and on operating
regions selected on the basis of trial and error expetimentation. Major drawbacks of
such an approach are the lack of flexibility as operating demands change and the
limitation of new reactor designs to the proven operating regions of already existing
reactors,

Although the development of new CVD processes and reactors is still largely based
on the accumulated empirical experience and step-by-step improvemeant by methods
of trial and error, the need for mathematical models, describing the relevant physical
and chemical processes in detail, has been recognized. In the last two decades CVD
models have evelved from simple analytical modeis to advanced numerical computer
codes, which allow a fully three-dimensional description of the hydrodynarnics and the
use of multi-step chemical reaction mechanisms. Such models can be used as an aid
in reactor design and process optimization, allowing a great saving in the costly and
time conguming deveiopment and step-by-step improvement of reactor prototypes and
process conditions. In addition, these mathematical models can provide fundamental
insights in the underlying physical and chemical processes.
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Deaspite the essential role of kinetic rate data in CVD reactor modelling, detailed kinetic
studies are very scarce. Reaction data have traditionally been repored in terms of
growth rates and their dependence on temperature. Such data are generally disguised
by mass transport effects and thus not suitable for reactor design and process
optimization. Therefore, detailed mechanistic investigations are recently more and
more preferred to the traditional macroscopic deposition studies.

In light of the previous discussion the present thesis is aimed at the development of
a comprehensive kinetic moda! for the low pressure CVD (LPCVD) of polycrystalline
silicon and its application in reactor modelling. The deposition oceurs from sitane at
industrially relevant operating conditions, i.e. total pressures around 50 Pa and
temperatures close to 900 K. Polyerystalline silicon, commenly referred to as
polysilicon, plays a key role in the manufacturing of so-called very large and ultra large
scale integration circuits. The most common reactor used for the deposition of
polycrystaliine silicon is the horizontal hot-wall multiwafer LPCVD reactor. For an
extensive overview of the scientific aspects of this CVD process the reader is referred
to the fiterature (Hess ot &/, 1985; Jensen, 1987, Jasinski of al., 1887, Roenigk, 1587,
Kamins, 1988; Hitchman and Jensen, 1983).

The kinetic model is obtained by quantitative modelling of well-defined steady state
kinetic experiments performed in a laboratory microbalance reactor, both in Ihe
absence and in the presence of gas phase reactions. It provides valuable information
on the complex interplay between the gas phase and surface reactions and is used
for the design and analysis of an industrial-scale hot-walt multiwafer LPCVD reactor,
Besides the above mentioned steady state experiments, transient response kinetic
experiments using the Temporal Analysis of Products (TAP) technique (Gleaves et al.,
1988; Huinink, 1995) are conducted and evaluated as an altemative approach for
investigating the reaction kinetics of the low pressure CVD of polycrystalline silicon.
In comparison 10 steady state experiments extra information is gained due to the time-
resolved observations, which allow in principle better discrimination between
alternative kinetic models, as well as estimations of the reaction rate coefficients of the
individual elementary steps,

Chapter 2 describes the laboratory reactor setup and the mathematical modelling of
the experimental data. Furthermore, a thorough examination is performed af the mass
and heat transport phenomena inside this reactor, leading to the development of an
appropriate reactor model.

Chapter 3 describes the observed effects of the process conditions on the silicon
growth rates and gas phase composilions. An important topic concerms the interplay
between gas phase and surface reactions as a function of these process conditions.
Chapter 4 reports on the kinetics of silicon deposition in the absence of gas phase
reactions.
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In Chapter 5 the kinsetics of silicon deposition in the presence of gas phase reactions
are discussed. The developed kinetic model allows a gquantitative description of the
observed effects of the process conditions and provides valuable information on the
relative importance of gas phase reactions.

Chapter 6 reports on the degree of sophistication needed in the modelling of LPCVD
reactors for polysilicon deposition. Therefore, the validity of a ene-dimensional two-
zone and a fully two-dimensional reactor model is tested by comparing their
predictions with experimental growth rate data obtained in such a reactor. Once
validated, the developed one-dimensional model is used to provide fundamental
insights in the effects of typical operating conditions on the interaction between the
chamical reaction kinetics and the mass transport phenomena in an industrial-scale
LPCVD reactor.

In Chapter 7 the Temporal Analysis of Products (TAP) technique (Gleaves et al., 1888;
Huinink, 1995) is applied to provide direct information about the kinetics of the
adsorption and subsequent surface reactions of silane, disilane and trisilane.
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MICROBALANCE
REACTOR SETUP

2.1 Introduction

In order to investigate the kinetics of the low pressure CVD of polycrystalline silicon,
a laboratory reactor setup has been designed, suitable for a direct measurement of
the silicon growth rate combined with an on-line analysis of the corresponding gas
phase composition during continuous flow experiments. The total pressures and
temperatures applied are similar to those of conventional hot-wall multiwafer LPCVD
reactars, i.&. 10-100 Pa and 850-950 K. Although the applied volumetric flow rates,
ranging from 3 to 30 Nml min', are much smaller than those usually considered in
conventional LPCVD reactors, both reactors operate at about the same mean
residence times, i.8. 0.1-1 5.

In this laboratory setup, tube reactor configurations cannot provide for plug flow
conditions. The mass Peclat number is typically in the range 0.1-10. Owing to fast
molecular diffusion at the low pressures employed, starting from ideal mixing is
considered mora promising. In order to achieve ideal mixing, the principle of gas jet-
agitated reactors was chosen. (3as jet-agitated reactors have been extensively used
for the study of both homogeneous and heterogeneous gas-solid reactions (Longwell
and Weiss, 1955; Kistiakowsky and Volpi, 1957; Lade and Villermaux, 1977; David
and Villermaux, 1973; Patel and Smith, 1975). Temperatures and pressures applied
in these kinetic studies cover ranges from 285 to 2000 K and from 2 107 to 10° Pa,
while mean residence times vary between 0.1 and 10 &.
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In the present chapter the laboratory reactor setup, referred to as the microbalance
reactor setup, is treated in detail. Attention is paid 10 the mathematical modelling of
the experimental data. Furthermore, a thorough examination of the mass and heat
transport phenomena inside the gas agitated reactor is performed. Absence of
concentration and tamperature gradients forms an important objective in obtaining
intrinsic kinetic rate data, i.e. kinetic rate data not influenced by transpor and/or
transfer limitations. However, in case such limitations are irreducible, i.e. cannot be
eliminated altogether by altering the reactor geometry and/or the operating conditions,
they need to be accounted for explicitly during the reacter simulations by the use of
an appropriate reactor model. In order to account for the irreducible mass transfer
resistances existing for the gas phase intermediates formed during the pyrolysis of
silane a reactor model has been developed, which is treated in detail in this chapter
as weil.

2.2 Equipment and procedures

The microbalance reactor setup, depicted schematically in Appendix 2A, comprises a
feed section, a reactor section and an analysiz section.

Feed section

in the fead section the gas mixture fed to the reactor is prepared. Silane (ultra-pure
quality, Air Products) or disilane (quality 4.0, Air Products} is the main reactant gas.
Both gases need to be handled with special care due to pyrophoric behaviour. For this
reason an Air Products gas cabinet, especially designed for safely handling silane
(disilane), was incorporated in this section. On the flow panal inside this cabinet an
excess flow valve and an emergency shut-off valve were mourmted. Both vaives are
able to shut-off the silane flow, the former when a certain preset value (500 Nml min™)
is exceeded, and the latter in case of a signal from the PLC (programmablg logical
control unit). Other reactant gases are hydrogen and argon. Argon {quality 6.0, Air
Products) is used as an inert diluent gas whereas hydrogen {quality 6.0, Air Products)
is fed to study inhibition effects on the gas phase and surface kinetics. Argon also
serves as internal standard for quantitative analysis of the gas phase composition.
Nitrogen (guality 6.0, Air Products) is used as purge gas to protect the electronic part
of the microbalance. The flow rates of the process gases {SiH,, H, and An) are
established with thermal mass flow controllers (Sierra 840D). Typical flow rates are in
the range 3-30 Nml min™.
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Reactor section

The reactor section consists of a quartz spherical cortinuous flow reactor as outlined
in Figure 2.1. Spherical geometry was chosen because it favours mixing and uniformity
of heat transfer. After premixing, the feed mixture is preheated to overcome
intrareactor temparature gradients and injected through the four nozzles of a cross-
shaped injector, located in the middle of the reactor. The nozzles are located midway
between the centre of the reactor and the wall, in two orthagonal planes, To ensure
good mixing, the inner diameters of the reactor, 6.0 10° m, and the nozzles, 9.0 107
m, were chosen on the basis of fluid dynamic relations for axial symmetric jets as
praposed by David and Matras (1975). The inner diameter of the reactor outlet is 2.2
10® m. The above reactor configuration permits mean residence times between 0.1
and 1 s at typical LPCVD conditions. In the middle of the reactor, just above the cross-
shaped injector, a 10x15 mm® sized silicon sample is suspended from a microbalance
{Cahn D-200). The silicon sample is cleaved from double-gide polished (100) p-type
wafer with a resistivity of ~ 0.035 £ cm and an average thickness of 410 um. Prior to
each series of experiments the silicon sample and reactor wall are precoated with
polyerystalline silicon at 50 Pa and 900 K during 30 minutes, after pretreatment with
hydrogen at 900 K during 10 minutes,

Bath reactor temperature and pressure are requlated to fulfil the need of isothermic
and iscbaric operating conditions. The reactor is heated using an electrical resistance
oven with a heating capacity of 700 W. Temperature regulation is performed on the
basis of a chromel-alumel (K-type) thermocouple located between the oven and the
reactor wall uging a PID controller (Eurotherm 908D). The reaction temperatura is
measured with a second chromel-alumeal thermocouple inside a thermoweli located
nearby the silicon sample in the centre of the reactor. Substrate temperatures up 1o
1100 K can be reached in this configuration. Vacuum is maintained by a dual-stage
rotary-vane mechanical pump (Leybold D25/BCS). The reactor pressure is regulated
via exhaust rate of effluent gases independent of upstream gas flow rates. This is
accomplished with the so called gas ballast or gas bypass technique, which involves
the injection of nitrogen into the pump throat, thereby forcing the total presaure to the
required valug (sétpoint value). The pressure regulation method comprises an absolute
pressure transducer (MKS Baratron 128A), a pressure indicator/controller (MKS
PR2000/250C), and a bypass valve (MKS 248A). Pressure setpoint values between
10 and 1 10° Pa can be established.

Extensive pumping, while simultaneausly outgassing the reactor section by heating the
reactor and connected lines, ultimately leads to a pressure increase of 2 107 Pa min™,
which corresponds to a leak rate of 4 10 Pa I min” in the reactor-plus-microbalance
volume of roughly 2 |. This leakage produces an impurity flow rate of 4 10° Nml min™.
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The claimed purity of the feed gases (SiH,, Ar, H,, and N,) implies maximum impurity
concentrations - including oxygen and water - of 1 ppm. At typical operaling
conditions, with total flow rates ranging from 10 to 50 Nml min”', including the purge
gas for the microbalance, these levels give rise to impurity flow rates of 1 10 to 5 10°
Nml min’. Hence, the amount of impurities supplied by the feed gases entering the
reactor is comparable to that due to leaks.

| Microbalance

Mechanical m

Pump
-
Pressure
Transducer
e
Quadrupole

Mass
Spectrometer

Feed
Mixture

Figure 2.1: Laboratory reactor.
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Analysis section

The weight increase due to silicon deposition on the 10x15 mm?® sized sample in the
middle of the reactor is measured with a microbalance (Cahn D-200). The
microbalance is aperated in the weight range from 0 to 2 mg with a reselution of 0.1
micregram under ideal circumstances. Calibration is performed prior to sach series of
experiments.

The analysis of the gas mixture is performed with a differentially pumped quadrupole
mass spectrometer (Fisons SXP Elite 300H) with a cross beam ionh gource and a 907
off axis electron multiplier. The detaction limit is about 1 ppm. The mass resolution,
defined as the full width at halve heigth, amounts to 0.5 AMLU. The ionisation energy
is kept constant at 70 eV. The high-vacuum ingide the analysis chamber is maintained
by a turbomolecular pump (Balzers TP 180H), backed by a diaphragm vacuum
pump. The analyser housing allows bake-outto 1 10°° Pa pressure. Most of the reactor
effuent gases are pumped off by the dual-stage rotary-vane mechanical pump
{Leybold D25/BCS), and a small fraction reachag the quadrupole mass spectrometer
{QMS) through an orifice inlet. All-metal orifices of 20 um and 10 pm diameter are
used.

The guadrupole mass spectrometer is used for the quantitative analysis of silane and
8i,H,, the latter dencting the total of digilane (Si,H,), silylsilylene (H,SiSiH) and disilene
{H,SiSiH,). Separate quantitative analysis of these silicon dimers is not possible,
because silylsilylene and disilene cannot be calibrated in pure form due to their high
reactivity. In addition, the fragmentation patterns of silylsilylene and disilene probably
completely overlap with each other and with that of disilane, making a discrimination
between these silicon dimers very difficult. Quantitative analysis of hydrogen was
considarsd not accurate enough due to the rather low pumping efficiency for this
component.

During the calibration prior to each series of experiments, the relative sonsitivity factors
of silane and Si,H, are determined with respect to the internal standard argon. For this
purpose an 3iH,-5i,H.Ar mixture is used. In this way it is implicitly assumed that
silylsilylene and disilene possess the same QMS sensitivity as disilane. This
assumption is supported by the fact that silylsilylene and disilene are both primary
QMS fragmentation products of disilane. It has to be noted that deviations of the QMS
sensitivities of silylsilylene and disilene from the QMS sensitivity of disilane probably
have no large effect on the final results. From kinetic/reactor modelling studies
reportad in literature it is known that during silicon deposition at low total pressures
silylsilylene and disilene are present in the gas phasge in only small amounts compared
1o disilane (Kleijn, 1991; Bacerra and Walsh, 1992).
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Figure 2.2 shows the mass spectra of silane and disilane, the latter considered here
to be representative for Si,H, based on the foregoing points. The silane fragmentation
pattern involves one single key fragment, located around the main fragmentation peak
at AMU 30, see Figure 2.2a. The disilane fragmentation pattern, which is in good
agreement with that published by Simon et af. (1992), shows two key fragments, one
around AMU 30 and one arcund the main peak positioned at AMU 60, see Figure
2.2b. The rafio of the intensities around AMU) 30 is different from that observed in the
silane spectrum. The most important masses of silane are respactively AMU 30
{SiH;"), AMU 31 {SiH,"}, AMU 28 (Si'} and AMU 2% (SiH"). The disilane fragmentation
pattern shows important peaks in the same region at respectively AMU 29, AMU 31,
AMU 28 and AMU 30.

Measurement of the intensities during the calibration as well as during the kinetic
axpariments takes place at the main peak positions of the spacies involved. Argon is
monitored at AMU 40, silane at AMU 30, and disilane ¢.q. Si,H, at AMU 60. The
analysis, however, is complicated by the overlap of the fragmentation patterns of
silane and disilane c.g. 5i;H, at AMU 30. For this reason disilane ¢.q. SiH, is
menitored at AMU 30 as well. The net silane intensity at AMU 30 is now obtained by
correcting the overall AMU 30 intensity for the AMU 30 contribution from disilane c.q.
SiH,. The latter is obtained by multiplying the measured disilane c.q. Si M, intensity
at AMU 60 with the AMU 30/AMU 60 intensity ratio of disilane c.q. Si,H, obtained
through calibration:

I
Usm,‘):m = (h)a - (!SIZHX)BD :’SJE—W;M @1
Slex 0 Jrar
with |, the intensity of component i.
Ancther complicating factor in the determination of the outtet molar flow rates is the
dependency of the QMS sensitivity on the reactor total pressure p,. In order to account
for this pressure dependent behaviour, the intensities of silane, disilane ¢.q. Si;H, and
argon are measured as a function of reactor total pressure using the SiH,-SiH.-Ar
calibration mixture. Effects of varying quadrupole settings are eliminated by calibrating
the components simultaneously, Influences of the gas phase compesition are
eliminated by normalizing the intensities to 100% pure component:

1 = i I (2.2)
P;

with 1™ the normalized intensity of component i. Relative sensitivity factors for silane
and digilane ¢.q. Si;H, with respect to the internal standard argon, G, are then
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obtained from:

norr
G - i _ & +bp b
liAr T e T " ga+bp
!A,- aAr Arpr

with the parameters a and b obtained by means of lingar regression.
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Figure 2.2: Mass spectra of SiH/Ar (a) and Si,Hy/Ar (B) mixturas
{(10% Ar) measured at an ionisation energy of 70 eV.
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2.3 Data analysis

The quantitative data analysis is started as soon as steady state conditions are
established. At typical operating conditions, steady state conditions are reached after
roughly one minute.

Growth rate

The silicon growth rate is determined by linear ragression of the measured mass
versus time curve, The slope directly yields the growth rate in units kg &', Gy,
Conversion into units m s’ proceeds through:

GS[

A, = ">
pﬁ‘,‘ As.':m

5i

(2.4)

with A_ the geometric surface area of the sample and p, the density of solid silicon,

=am

i.e 2.33 10° kg m®.

QOutlet molar flow rates

The outlet molar flow rates of silane and SiH, are calculated according to:

F-F, _ (2.5)

"r‘
Ar
Gl,‘Ar l’.lill'

with F,. the molar flow rate of the internal standard argon as measured with the
thermat mass flow controller of the feed section. The outlet molar flow rate of
hydrogen follows from a hydrogen mass balance over the reactor, see paragraph
4.3.1,

Silicon mass balance

The quality of the experimental data is verified by means of a silicon balance between
reactor inlet stream and reactor outiet stream plus growth rate:

E Hs;Ar N E nF,
Si-balance® = w.—. 100%

Z niI:LO

(2.8)
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with Rg; the silicon growth rate in m s7; A, the total geometric deposition surface area;
My, the molar mass of solid silicon, i.e. 28.086 10 ™ kg mol”; n, the number of silicon
atoms in component i. The infet maolar flow rates are measured with the mass flow
controllers, The outlet molar flow rates and silicon growth rate are derived from the
mass spectrometric data and microbalance data, respectively. The total geometric
deposition surface area is calculated from the geemetric surface areas of bath silicon
sample and reactor wall, and amounts typically to 1.45 10 m®. Experiments with a
silicon mass balance which deviated more than 5% are rejected.

Space time, conversion and selectivity

The space time of component i is defined as the ratio of the geometric reactor volume
to the inlet molar flow rate of component i

Space time | = v {2.7)
Fio
The fractional conversion of component i is defined as the ratic of the number of
moles of | convartad to the number of moles of i fed to the reactor;
- F

x-fo F (2.8)

Fio
The selectivity towards preduct j is defined ag the ratio of the number of moles of
silicon atoms in component j formed to the total number of maoles of silicon atoms in
component | converted:

- F) (2.9)
" ”f(Fi,o - F.)

with n, the number of silicon atoms in reactant i and n; the number of silicon atoms in
product j.

2.4 Mixing performance
In order to carry out reliable kinetic experiments and to clearly delineate the effects of

process conditions on the silicon deposition process, it is necessary to obtain the
silicon growth rate and the gas phase composition unaffected by transport effects.
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2.4.1 Concentration uniformity
With respect to the concentration uniformity inside the laboratory reactor it is

necessary to exarnine the effectiveness of mixing on reactor scale, of micromixing and
of gas/solid mass transfer.

Mixirg on reactor scale

The analysis which follows provides a description of the extent of reactor scale mixing
intreduced by the jet mation inside the applied laboratory reactor, see Figure 2.1 In
order to reduce the computational complexity from 3D to 2D, two simplifications are
made. First, the laboratory reactor is assumed to comprise four equally important
regions, each of them encompassing the flow region of a single jet. Second, this
model jet is considered straight and spreading out symmetrically about the direction
of the inlet nozzles inte & eylinder with a diamater equal to the radius of the reactor.
With these assumptions the computational problem reduces to the modelling of one
single jet in two dimensions. Figure 2.3 illustrates the simplified situation. Pure silane
is supplied at pressure p,, and temperature T, through a small tube (d,= ¢ 10 m) at
the centre of a larger pipe (d= 3.0 10° m, L= 4.7 10 m) open at both ends to sitane
at operating conditions p, and T. The length of the pipe is equal to the jet path length,
The cylinder walls are considered adiabatic.

47 107 m

adiabati;;

BT 15 107 m

[ PN 45 10~ m

»

Figure 2.3: Simplified configuration in which the
development of a silane jet is simulated.

Based on this configuration, velocity contours were calculated for the operating
conditions T= 900 K and p= 100 Pa, and mean residence times of 1 s and 0.1 s,
corresponding to inlet velocities, u,, of 44 and 440 m s™', respectively. Due to the low
operating pressure, laminar flow predominates in both situations (Re= 0.5-5).
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Moreover, the flow characteristics at the high inlet velocity need to encompass
compressibility effects. A generally accepted guideline states that compressibility
effects need to be taken into account in case the Mach number (Ma= u/u) exceeds
0.3. At 900 K and 100 Pa the sonic velocity, u, of silane amounts to 503 m g,
Compressibility effects are therefore important at the inlet velocity of 440 m s™.

The calculations were performed with a genaral purpose computer program currently
avaitable under the name FLUENT. A detailed description of the theoretical
hackground can be found in the FLUENT User's Manual (1990). The governing partial
differential equations expressing the conservation of mass, momentum and energy
were integrated together with the appropriate boundary conditions in 2D axisymmetric
form using the control volume based finite difference method (Patankar, 1980).
Figure 2.4 shows the axial velocity contours for the underlying situations. At already
short distances from the inlet nozzle the axial velocities have decreased drastically
compared to the inlet velocities. This considerably reduces the effects normally
associated with jets. Since penstration of the jets is confined to a small region close
to the inlet nozzle, recirculation of the reactor content is not promoted. In other words,
the laminar jets hardly contribute to the mixing on reactor scale.

Figure 2.4: Axial velocily contours (m s} of sifane jet ernerging into stagnant medium:
a) u= 44 m &” (incompressiblg), full length in x-diraction: 1.5 mm, b) u,= 440 m s’
(compressibie), full length in x-direction: 3 mm. p= 100 Fa, T= 900 K.

The above resulis show that the extent of reactor scale mixing is not significantly
effected by convective mass transport. At the low pressures emplayed, however,
molecular diffusion coefficients are roughly three orders of magnitude larger than at
atmaospharic pressure and réactor scale mixing may thus be accomplished by fast
molecular diffugion as well.
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Consider a spherical reactor with diameter d= 6 102 m filled with inert gas A. At time
t=0 a tracer gas B is introduced at the reactor wall. Assuming motecular diffusion to
be the predominant mode of gas transport, the degree of concentration uniformity
reached within time t can be calculated according to (Carslaw and Jaeger, 1959):

G Ti . 6 ol e Dus’ 210
CBW_GS .mﬂ d2

with Co* the tracer concentration at the reactar wall; Cp° the initial tracer concentration
in the reactor, Cg the mean tracer concentration at time t; d the reactor diameter; D, 5
the molecular diffusion coefficient, equal ta 0.396 m® s”. The latter value applies to a
SiH-H, mixiure and was calculated uging the Chapman-Enskog relations (Reid et al,,
1987). Concentration uniformity within 1% of the mean is achieved after 1 10 s at 100
Pa and 900 K, implying that reactor scale mixing by molecular diffusion is fast
compared to the mean residence time (0.1-1 s).

Reactor scale mixing could not be verified experimentally using the classical residence
time distribution measurements. The measured residence time distribution was almost
completely determined by the gas transport through the inlet tube as a result of the
relatively high pressure existing thera. Instead, spatial concentration measurements
were performed using the modified reactor configuration illustrated in Figure 2.5.

£0 5 v .00,

t

Ar

Figure 2.5: Schematic of the reactor configuration
used to verify spatial concentration uniformity.
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A continuous flow of inert gas, Ar, is fed to the reactor through the nozzles of the
cross-shaped injector. Simultaneously, a continucus flow of tracer gas, CO,, is
introduced through two inlets, These are placed at right angles with the flow fields of
two argon jets emarging in different orthogonal planes. During the experiments the
volumetric flow rate of CO, was kept small compared to that of Ar, in order to prevent
interfarence with the flow fields of the jets. Mean regidence times of 0.1 and 1 s were
established by varying the volumetric flow rate of Ar and the total pressure at room
temperature. Higher termperatures could not be astablished, since external heating was
impossible due to the outside geometry of the modified reactor. Spatial unifermity of
the tracer concentration was determinad by mass spectrometric analysis of the sample
gas extracied at fixed points inside the reactor using a capillary with an inside
diameter of 3.2 10" m,

Figure 2.6 shows the deviation from the mean tracer concentration at the various
sampling points for 0.1 and 1 s mean residence time. Concentration uniformity to
withinn 5% of the mean iz achigved within 0.1 5. At temperatures close to 900 K the
deviations will even be smaller owing to the positive temperature dependence of the
molecular diffusion coefficients. A calculation analogous to that based on equation
(2.10) indicates that a mixing time of 6 10" s should be sufficient for reaching a similar
degree of concentration uniformity at room temperature, The discrepancy beteen
theory and experiment probably results from interference of the concentration fislds
inside the reactor (d= 6.0 10 m) by the rather large outlet of the reactor (d= 2.2 10*
rm).

Deviation £ %%
-

1
i

Sarple point / =~
Figure 2.6: Deviation from mesan iracer
concentration at the various sampling poirts
shown in Figure 2.5 for mean residence
timas of 0.1 5 (0) and 1 s ().
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Based on the measurad concentration uniformity, it can be agsumed that the residence
time distribution (RTD) of the laboratory reactor closely approximates the Poisson
distribution of a single perfect macromixer:

E(t) = lexp(d_tJ (2.11)
T

T

with E(t) the residence time distribution; 7 the mean residence time; t the rosidence
time,

Micromixing

The analysis which follows attempts to provide a description of the extent of
micromixing and to evaluate the maximum influence of micromixing effects on reactor
performance. Both aspects were studied by considering two elementary gas phase
reactions which are likely to play an important role in the gas phase chemistry of the
silicon deposition process, i.e. the decomposition of silane and subsequent insertion
of silylene into silang to form disilane:

k
SiH, = SiH, + H, (2.12)

Ky

SiH, + SiH, :f:' SiH, (2.13)
2

The reaction rate coefficients k, and k, were taken from Kleijn (1991) and amount to
8.7 10" s" and 15.7 5" at 100 Pa and 900 K. The reaction rate coefficients for the
opposite glementary steps were calculated from the chemical reaction equilibrium
constants, and amount to 1523 m® mol' 5" and 1.05 10° m?® mol’ 57 at the same
conditions. The thermodynamic data for the gas phase species involved were taken
from Coltrin et al. (1986,1989).
For a given state of reactor scale mixing, the level of micromixing can be comprised
between two extremes: complete segragation and ideal micromixing. The actual state
of micromixing can be estimated by comparing the micromixing time () with the
characteristic time of reaction (1) and the mean residence time (1} as illustrated in
Table 2.1.
For first-order gas phase reactions, the conversions calculated for the extreme
situations of ideal micromixing and complete segregation coincide (Westerterp et al,,
1990). Consequently, micromixing effects will be absent for the unimolecular
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dissociation reactions of silane and disilane, as long as pressure fall-off effects can be
negtected. Silylene insertion into silane or molecular hydrogen is very fast (Inoue and
Suzuki, 1985). Due to the high reactivity of silylene, micromixing effects may be
expected with respect to the bimeolecular reactions given by equations {2.12) and
(2.13). To verify the presence of such effects the micromixing time was compared to
both the mean residence time and the characteristic times for silylene inserion in case
1.51 10® mol 5™ silane is fed to the reactor at operating conditions of 100 Pa and 900
K, corresponding to a mean residence time of 0.1 s.

Table 2.1: Influence of the micrormixing time, mean
residence time and characteristic time of reaction on
the state of mixing in & continuous flow reactor (David
and Villermaux, 1978),

t, =<t t, =t t, ==t
< T MM PS S
t, =1 PS PS5 5
t, == T s 5 S

MM = ideal micromixing, PS = partial segregation, 5 = complata
segragation

The micromixing time is given by (Westerterp ot al,, 1930):

IE

I P 2.14
o120, @14

In this expression molecular diffusion is retained as the controlling mechanism with
respact 1o micromixing. Moreover, D, is the effective molecular diffusion coefficient
of component i in a multicomponent mixture. The smallest length scale in the final
stage of mixing is in general taken as the Kalmogeroff scale (Westerterp ef al., 1990):

/- (V_“"J”“ (2.15)
g

with v the kinematic viscosity and e the power input rate per upit mass of fluid in the
reactar. The jet development calculations of the preceding section revealed that
energy dissipation is mainly confined to the region close to the inlet nozzle, outside
this region energy dissipation ig not important. This highly nenuniform distribution of
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energy dissipation causes the length scale as calculated from equation (2.15) to be
a strong function of the position inside the reactor. The length seale is smallest in the
regions closa to the inlet nozzles and strongly increases along the corregponding jot
paths. For this reason, the length scale | is given an upper limit equal to the dimension
of the reactor, 6 102 m. The effective molecular diffusion coafficient of silylens was
caleulated according to Wilke's approximation (Bird et al., 1960} and amounts to 9.874
10% m? ', Substituting the above values into equation (2.14) results in & micromixing
time equal to 3 10* s at 900 K and 100 Pa. Note that this micromixing time is similar
to the earlier mentioned reactor scale mixing time, as expected since both
characteristic times are now based on the same length scale.

The characteristic reaction time for an nih order reaction is given by:

1

t s
kcy!

, {2.16)
The gas phase concentrations in the denominator can be obtained by solving the
continuity equations for a perfectly stirred tank reactor;

g
Fo-F =VX v,r,=0 (2.17)
P

using the gas phase chemistry reflected by equations (2.12) and (2.13). In this
equation F,, and F, are the inlet and outlet molar flow rates of component i; V the
reactor volume: ng the number of gas phase steps; v, the stoichiometric coefficient
of component i in gas phase step k; r,, the rate of gas phase step k. Substitution of
the calculated concentrations together with the reaction rate coefficients into equation
(2.16) results in the characteristic timas for silylens inserion as listed in Table 2.2,
Silylene insartion into silane proceeds on a time scale smaller than the micromixing
time, Consequently, the reactar behaves as completely segregated with respect to
silylene, see Table 2.1,

Table 2.2: Characteristic times for silylene insertfon, micromixing
time and mean residence time. p= 100 Pa, T= 900 K, Fg,, =151

10° mol 57,
reaction t./s t, /% /8
SiH, + H, — 3iH, 5.7 10

1107 0.1
SiH, + 8iH, — SiH, 7.2 10°
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The gas phase composition caloulated according to equation (2.17) prevails in the
situation of ideal micromixing, i.e. of completa mixing on molecular scale. In order to
quantify the effect of complete sagregation with respect to silylene, the gas phase
composition is calculated for the extreme situation of complete segregation as well.
In case of complete segregation aggrogates travel through the reactor in discrete
noninteracting packets. Each aggregate can be rmodelled as a batch reactor with a
reaction time equal to its residence time, The average concentration at the outlet of
a completely segregated continuous flow reactor is then;

T - f G2 (1) E(t) dt (2.18)

with E(1) the residence time distribution, given by equation (2.11). The concentration
of component i in a bateh reactor with residence time t, C**™(t), can be calculated by
solving:

Baten
dc# = ﬁvk.f‘r\ﬂk (218)
kat
with initial condition C*“"= C,,, at t=0.
The gas phase composition calculated for complete segregation entirely resembles
that calculated for ideal micromixing, indicating that micromixing effects are absent.
Although silylene reacts with silane at a time scale much smaller than the micromixing
time, effects on reactor performance are not found. As micromixing effects becoms
important in case of non-(pseudo-)first order reactions having reaction times
comparable to or smaller than the micromixing time, it can be concluded that first and
pseudo-first order reactions dominate the gas phase chemigtry, Because silane is
present in large amounts and exhibits spatial uniformity, silylene insertion into gilane
is indeed pseudo-first order and thus insensitive to micromixing.

Gas/solid mass transfer

The analysis which follows provides a description of the importance of irreducible
concentration gradients ingsidde the laboratory reactor as a result of potentially fast
surface reactions. For simplification, the surface reactions are considered to occur on
the reactor wall only, i.e. deposition on the silicon sample in the centre of the reactor
is neglected.

In case molecular diffusion is the only mode of mass transport, mass transport
limitation needs to be accounted for in case the reaction probability is much larger
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than the ratio of the mean free path length and the characteristic reactor dimension
{Botidart, 1968):

T (2.20)

Y >

It has to be noted that this condition can easily be transformed into a dimensionless
number closely related to the general Damk&hler-Il number.

The characteristic dimension of the reactor is 6 10 m, whereas a typical value for the
mean free path length at 100 Pa and 900 K is 1 10 m. Literature values for the
reaction probability of silane range from 3 10 (Gates et al, 1990a,b) to 1 10° (Buss
et al, 1988). Comparing this range of values to the ratio obtained from equation
(2.20), i.e. 2 107 it can be concluded that no mass transport limitation oceurs for
silane. Since the rate of hydrogen production at the surface is approximately twice the
rate of silane disappearance, mass transport limitation will be absent for hydrogen
alzo. Silylene and disilane exhibit much higher surface reaction probabiliies than
silane. Reaction probabilities for disilane vary between 4 10 (Buss ¢! al., 1988) and
0.5 (Scott et al, 1989; Gates, 1988), whereas silylene is generally assumed to react
with unit probability upon collision with the surface (Coltrin ef al, 1984,1086,1989;
Kleijn, 1991}, According to the criterion postulated by Boudart (1968), mass transport
will affect the rates of disappearance of silylene and disilane at the surface and,
hence, the gas phase composition and the silicon growth rate, Production of disilane
induces production of other silicon containing species like disilene and silylsilylene,
which are believed to have the same high surface reaction probabilities as silylene and
disitane (Coltrin ot al., 1984,1986,1989).

In order to characterize the irreducible mass transport limitations an analytical
expression g derived, which is applicable to each interrmediate gas phase species
forrmed during the pyrolysis of silane. Using silylene as model component the following
simplified kinetic model is considered. Gas phase production of silylene is assumed
to occur via unimaelecular decomposition of silane:

SiH, —+ SiH, + H, (2.21)
at a uniform rate r,' equal to the product of the unimolecular reaction rate coefficient

and the uniform silane concentration. Gias phase consumption of silylene is censidered
to proceed via insartion into silane:

SiH, + 8iH, — Si,H, (2.22)

characterized by a pseudo-first order reaction rate coefficient equal to the preduct of
the bimolecular reaction rate coefficient and again the uniform concentration of silane.
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Silylena consumption via insertion into hydrogen is not congidered. The large positive
affinity of reaction (2.21) indicates the insignificance of the backward step. Silylene
production via unimalecutar decomposition of disilane is not taken into account either.
Due to the high surface reactivity of disilane, inclusion of this backward step would
require the disilane concentration profile to be solved as well. For the purpose of the
present evaluation both simplifications are justified. The surface reaction of silylene is
considared to proceed according to:

SiH, — Si(s) + H, (2.23)

following first order kinetics with a reaction rate coefficient k, estimated from kinetic

gas theory:
1 8RT
K, = Yaw, — l_ (2.24)
) Y%Hz 4 WMS;H:

with y“SiHE and My, the reaction probability at zero coverage and the molar mass of
silylene.

In order to reduce the computational complexity from 3D to 1D, tha following two
assumptions were made. First, the transport phenomena and gas phase as well as
surface reaction phenomena are considered independert of angle coordinates 6 and
¢. Second, the outlet of the reactor is considered spreading out over the entire gas
phase reaction volumeé, The latter assumption is treated in paragraph 2.5.1 in more
detail. Bacause convective mass transport is confined to a small region close to the
inlet nozzle, see this paragraph, malecular diffusion is assumed to be the only mode
of gas transport. Furthermare, gas phase production is considered to be uniform with
a rate r,), whereas gas phase consumption is assumed to depend on the local gas
phase composition and to follow first order kinetics with a volumetric reaction rate
coefficient k..

The above congiderations lead to the following continuity equation for silylens:

_ DSin.mi 2 dcsmz . £, {2.25)

- - e
T U A A

with Dy, denoting the effective molecular diffusion coeficient of silylene in a
multicompenent mixture. The last term on the right-hand side of this equation
represents the outlet molar flow rate divided by the gas phase volume. Symmetry in
the centre of the reactor is expressed by the boundary condition:
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0 Y%y (2.26)
dr

The first order surface reaction enters solely through the boundary condition at the
reactor walk:

dCQHQ =k C (227)

r=R - DSle.m Jr s ik,

Integration of the second order differential equation with corresponding boundary
conditions, given by equations (2.25) to (2.27), results in the following expression for
the silylene concentration as a function of radial coordinate r, see Appendix 28:

y A sinh((Avor) L)
csm2= F I DSiH m DS'H (2.28)
k| (-2 ysinh{ By ) « ks’gmﬂﬁcosh(ﬁ\/&)

:

The terrn in front of the brackets denotes the concentration obtained by applying the
steady state approximation for silylene if no reactivity towards the surface exists (k=
0);

854
CS;H2 =

(2.29)

This concentration is determined by the balance between gas phase production on
one hand and gas phase consumption and renewal on the other hand. In case surface
reaction occurs, the concentration profile can be described in terms of two
dimensionless numbers relating the time scale of diffusion to the time scale of surface
reaction and of homogeneous reaction and renewal, i.e, the Damkdhler-ll number
given by:

kR

Da, = .2 2.30
VR {2.30)

SiH.m

and a modified Thiele modulus defined as:



MICROBALANCE REAGTOR SETUF 51

F, k
¢ = Ao = F;\] v (2.31)
VD Doityim

Silg,m
Mass transport limitations were calculated for the situation that 3.02 10** mol 5™ silane
is fed to the reactor at 100 Pa and 900 K, corresponding to a total volumetric flow rate
of 2.26 10" m® &'. The gas phase composition was caleulated by solving the continuity
aquations given by equation (2.17) with the gas phase chemistry reflected by
equations (2.21) and (2.22). The inlet volumetric flow rate was chogen such that the
gilane conversion is small (19%), and volume changes as a result of reaction
stoichiometry can be neglected. Hence, the outlet volumetric flow rate can be gquated
to the inlet volumetric flow rate. The effactive molecular diffusion coefficient of silylens
was calculated according to Wilke's approximation (Bird et al,, 1960) and amounts to
9.874 102 m? &' The uniform production rate of silylens, r,', amounts to 1.15 10 mol
m? 57, and was obtained from the product of the unimolecular reaction rate coefficient
for silane decomposition equal to 8.7 10® m® mel’ s* and the uniform silane
concentration equal to 1.325 10 mol 2. The pseudo-first order volumetric reaction
rate coefficient k, amounts to 1.39 10* s™. This value was obtained from the product
of the bimolecular reaction rate coefficient for silylene insertion into silane equal to
1.06 10° m® mol' &' and the above mentioned silane concentration. The first order
surface reaction rate cosfficient k, was estimated from kinetic gas theory according to
equation (2.24) assuming a reaction probability at zero coverage of 1, and amounts
to 19891 m s
The above values lead to Da,= 60.4 and ¢= 11.2. Figure 2.7 shows the corresponding
silylene concentration prefile calculated according to equation (2.28). The silylene
concentration decreases from 8.3 10 mol m™ in the centrs to 1.2 10°° mol m* at the
wall. This substantial drop in concentration is caused by the high value of the
Damkéhler-l number,
The shape of such a concentration profile can be rationalized in térms of relative time
scales of gas phase and surface reactions.
Figure 2.8 shows the silylene concentration profile for different values of the
Damkahler-Il number and a fixed value of the Thiele modulus. In the limit of Da,— 0,
a flat concentration profile appears, the level of which is determined salely by the
balance between gas phase production on one hand and gas phase consumption and
renewal on the other hand. With increasing Da, number the concentration at the wall
decreases and eventually falls to zero in the limit of Da,— <, Changes in the Da,
number appear to have no effect on the concentration level in the centre of the
reactor. This can be understood by analysing equation (2.28) at radial coordinate r=0
for the limits of Da,— 0 and Da,— «. In the limit of Da,— 0, the concentration at r=0,
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Com, |0 Is always equal to CSiH;‘E‘A given by equation {2.29). In the limit of Da,— =,
however, equation (2.28) reduces to:

no . Ae

Pk sinh( Rvya)
V ¥

{2.32)

with Rv '« the earlier defined Thigle modulus, in case of a Thiele modulus larger than
roughly 10, the right term inside the brackets is much smaller than unity and equation
{2.32) reduces to equation (2.29) as well. Hence, the silylene concentration in the
centra of the reactor ig independent of the value of the Damkdhler-Il number and
equal to the steady state concentration of silylene helonging to the uniform
concentration of silane,
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Figure 2.7: Silylene concentration profite
calculated with equalion (2.28). p= 100 Pa,
T=900 K, F= 2.26 10° m" 8", Cg;,, "=
8.3 107 mol m*, Da,= 60.4, p= 11.2.

Figure 2.2 shows the silyleng concentration profile for different values of the Thiele
moduius and a fixed value of the Damkéhler-Il number. The lower limit of the Thiele
modulus corresponds to k= 0. The small value of the Thiele modulus left resulls from
the contribution of the reactor outlet stream to the total disappearance of silylene in
the gas phase, see equation (2.31). The upper limit of the Thiele modulus, not shown
here, naturally corresponds to k,— <, leading to a uniform silylene ¢concentration equal
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to zero, With increasing Thiele modulus the concentration gradient becomes loss
pronounced in the major part of the reactor and the thickness of the diffusion layer
decreases. The higher the Thiele modulus the less important becomes the influence
of the surface reaction and the better the silylene concentration is approximated by
equation (2.29). The exprassion relating the diffusion layer thickness to the Thigle
madulus is given by, see Appendix 2B:

sinh( Ryer) - Ay (2.33)
Ry cosh{ Rya) ~sinh( Rye)
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Figure 2.8: Effoct of Damkéhler-If number
on silyléne concentration profile. p= 100
Pa, T= 900 K, F = 2.26 10° m* 7, Cg,, ™"
=83 10° mol m® ¢=11.2, ¢ Da,— 0, o
Da=06, s Da,= 6, + Da,= 60, o Da,— .

For a Thiele modulus larger than roughly 10, this aquation simplifies to:

1 1

Jo J F K (2.34)

v + L
vD D

Sikpm i m

Due to the high gas phase reactivity of silylene, the right term under the square root
sign is much larger thar the left term and aguation (2.34) further reduces to:
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§ - | Pmym (2.35)
k

v

with & usually referred to as the diffusion length (Moffat and Jensen, 1988, de Croon
and Giling, 1990}, being the mean distance over which a molecule can diffuse prior
to reaction in the gas phase. In other words, the diffusion length is the mean distance
from the deposition surface up to where surface reactions can significantly influence
the gas phase concentrations. Substituting the appropriate values for k, and Dg,m into
equation (2.35) results in a diffusion length for silylene squal to 2.7 10° m. This value
is in close agreememnt with tha value resulting from the calculated concentration profile
given in Figure 2.7, i.e. ~3 107 m,

Far a Thisle modulus larger than 10, Figure 2.9 shows a flat profile in the centre of the
reactor with a well-defined diffusion layer adjacent to the deposition surface, For a
Thiele medulus smaller than 10, however, no sharp interface between bulk of gas
phase and diffusion layer exists. In fact, the concentration gradient stretches out over
the entire gas phase. The non-uniform profile in the centre of the reactor is caused by
the far-reaching effect of the surface reaction on the gas phase composition.
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Figure 2.9: Effect of Thiele modulus on
silylene concentration profile. p= 100 Pa,
T=900 K, F.= 226 10° n¥ g, CS,HESS“:
8.3 10° mol m®, Da,= 60.4, © o= 0.14,
ah=356 +0=11.2 00=356 o= 112
v = 356.
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Disilane (Si,H,) has a significantly lower gas phase reactivity than silylene and, hence,
will exhibit a concentration gradient stratching out over the entire gas phase. Disilene
(H,SiSiM,) and silylsilylene (H,SiSiH) possess high gas phase and surface reactivities
resulting in flat concentration profiles throughout the major part of the reactor with a
thin wall-defined diffusion layer adjacent to the deposition surface.

2.4.2 Temperature uniformity

With respect to the temperature uniformity inside the laboratory reactor it is necessary
to examine the effectiveness of both heat transport on reactor scale, i.e. intrareactor
uniformity, and heat transfer between deposition surface and gas phase, ie.
interphase uniformity.

Intrareactor

Azay and Come (1979) showed that a continuous spherical gas jet-agitated reactor,
having & residence time distribution corresponding to that of a single perfect mixer,
can present important radial temperature gradients. Preheating of the reactants or
carrier gas was recammended in order to eliminate temperature gradients.

To quantify the effect of preheating on the extent of temperature uniformity ingide the
reactor, jet development calculations were conducted in the same way as outlined in
the section about reactor scale mixing. The inlet temperature was varied up to 850 K
at operating conditions of 100 Pa and 900 K and a mean residence time of 0.1 8. The
value of 850 K at the inlet was considered an upper limit, imposed by a maximum
allowable value of 2% for the reactant conversion level inside the preheater compared
to that inside the reactor. These calculations revealed a significant reduction in
temperature nonuniformity with increasing inlet temperature. Figure 2.10a shows the
temperature contours when pure silane is entering the reactor at a temperature of 850
K. Due to adiabatic expansion a temperature drop of at least 50 K is observed in the
region close to the nozzle, where the Mach number is highest, see Figure 2.10b,
Temperature uniformity is reached within a distance of approximately 6 10°* m from
this ragion,

Spatial temperature uniformity was verified experimentally through thermocouple
measurements at fixed positions inside the spherical reactor. These measurements
showed that in the temperature range considered, i.e. 800-1000 K, radial temperature
gradients can be neglected. The maximum spherically averaged temperatura
difference between reactor centre and reactor wall cccurs at 1000 K and amounts to
3K
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Figure 2.10: Temperature contours (K) for an infet temperature of 850 K: a) jet, full
length in x-direction: 6 mm, b) region closeé to infet noxzle, full length in x-direction; 1.5
mm, p= 100 Pa, T= 800 K, ©t=0.1 5.

Interphase

In order to assess heat transfer resistancas, the criterion derived by Mears {(1971) for
heat transfer limitation in the external film adjacent to a catalyst pellet is applied. The
criterion is based on a maximum allowable change of 5% in the silicon growth rate due
to a temperature gradient:

|AH| Gr, AT

0.05 2.36
o T = { )

a

with AH the standard reaction enthalpy; E, the activation energy; o the heat transfer
coefficient; Gr,, the silicon growth rate in mol m?® 5.

At typical LPCVD conditions, silicon growth is dominated by heterogeneous silane
decompaosition via:

SiH, -+ Si{s) + 2H, {2.37)

with a standard reaction enthalpy of -23.8 kJ mol’'. The corresponding growih rate can
be calculated according to (Roenigk, 1987):

ks Psin,
1K, JE’S»».'4 + K, ¥ pﬂz

Gr,

5 -

(2.38)
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At high silane partial pressures, this expression can be rewritten as the ratio of the
reaction rate coefficient k, with an activation energy of 153.8 kJ mol” and the
equilibrium constant K, possessing no temperature dependence. At 900 K kg amounts
to 1.89 10®° mol m™® 57 Pa’', which combined with a value of 0.7 Pa™ for K, results in
a growth rate equal to 2.7 10 mol m* ™. A rough estimation for the value of the heat
transfer coefficient ¢ is 6 W m? K. This valug is based on a Nusselt number equal
to 3.66 and a thermal conductivity of 8.9 107 W m™ K (Kleiin, 1991). Substituting the
above values into equation (2.36) vields a value of 2.4 10 for the right term of the
criterion, which exceeds the value of 1.2 10 for the left term. Consaquently, heal
transfer resistance is not significant,

2.5 Reactor model
2.5.1 Equations

Due to the high surface reaction probability of the gas phase intermediates formed
during the pyrolysis of silane, it is necessary to account for the mass transfer
resistances of these species during the simulation of the kinetic experiments
performed in the microbalance reactor setup, see paragraph 2.4.1. The shape of the
concentration profiles was shown to be a complex function of two dimensionless
numbers, i.e. the Damk&hler-ll number baged on the surface reaction kinetics and a
moedified Thiele modulus based on the gas phase reaction kinetics. Depending on the
valuas of these numbers, the concentration gradients cof the gas phass intermediates
are located within a few millimeter from the growing silicon layer or throughout the
complete reactor. Hancea, it is impossible to describe the mass transfer between gas
phase and deposition surface in terms of a film model. Following such model the
resistance 1o mass transfer would be located in a fictitious layer adjacent to the
depesition surface and the rate of mass transfer would be determined by a mass
transfer coefficient calculated from empirical correlations. The requiremant of empirical
correlations for mass transfer coefficients forms anothar drawback of the film model.
For the transport characteristics inside the laberatory reactor no appropriate
correlations are found in literature.

Based on the above considerations a reactor model was developed in which the mass
tranafer between gas phase and deposition surface is accounted for by considering
molecular diffusion with simultaneous gas phase reactions. The assumption of
molecular diffusion being the only mode of mass transport is in line with the results
presented in paragraph 2.4.1. Figure 2,11 shows a schematic reprasentation of the
reactor model. In order to reduce the computational complexity from 3D to 1D, the
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following assumptions were made. First, the transport phenomena and gas phase as
well as surface reaction phenomena are considered independent of angle coordinates
& and ¢. Second, the inlet and outlet of the reactor are considered spreading out over
the entire gas phase reaction volume, being confined to a spherical shell of thickness
R,-R,. This assumption will be treated in detail below. Deposition is considered to
occur on the surfaces at r= R, and r= R, enclosing this shell. The radial positions R,
(1.396 10° m) and R, (3.097 107 m) were derived from the values of the total
deposition surface area, i.e. A,= 1.45 10° m%, and gas phase reaction volume, i.e. V =
1.13 10 m?, during a typical kinstic experiment.

R —=" A,

Figure 2.11: Schematic representation
of reactor model,

Gas phase

The insignificance of temperature gradients on reactor scale, demonstrated in
paragraph 2.4.2, alleviates the need to solve the enargy aequation. The jet development
calculations of paragraph 2.4.1 revealed that convection does not have a significant
contribution to the mass transport inside the laboratory reactor, hence making a
treatment of the flow field redundant. Furthermore, the laboratory reactor is operated
isobarically. Based on these points, the Navier-Stokes or momentum conservation
equations need not to be solved as well. Consequently, the gas phase model



MICROBALANCE REACTOR SETUF 59

equations reduce to the continuity equations for all gas phase components considerad.
Based on the low total pressures ideal gas behaviour is assumed. The inlet and outlet
molar flow rates of each component are treated as source terms in the corresponding
continuity equations.

The inlet molar flow rates are congidered uniform throughout the gas phase reaction
volume. This is justified on the following grounds. In paragraph 2.4.1 it was shown that
nor-reacting components fed through the nozzles of the laboratory reactor easily reach
uniform concentrations throughout the gas phase before leaving the reactor. Reacting
components such as silane and hydrogen, however, need to satisfy an additional
constraint to be uniferm in concentration. Both their gas phage consumption and their
surface consumption need to procead slowly compared to the mixing process on
reactor scale, If this is the case a fast concentration uniformization makes the location
of the inlet arbitrarily. The position of the inlet will thus have no effect on the calculated
reactor performance provided reactive components are not fad.

The outlet molar flow rates are spread out over the gas phase volume and coupled
to the molar fractions locally existing. This corresponds to the assumption that fluidum
alamants have no measurabla interaction with aach other on their way 1o the outlet,
which iz an approximation. The correciness of the assumption will depend on the
shape of the concentration profiles. Errors are negligible for silane, hydrogen and iner
and also for components possessing high gas phase and low surface reactivities and
correspondingly high Thiele moduli and low Damk&hler-1l numbers, Significant effects
are only expected for species with low gas phase and high surface reactivities. With
respect to most of the silicon containing gas phase species in pelysilicon deposition
no severe errors are expected.

Based on the foregoing considerations, the continuity equation for gas phase
componant i becomes:

1 d(en) = 3 5,39
=T r Ni) = kzﬂ: Viilux = {Fig - ViF MY, ( )

with N, the melar flux of component i; F , the inlet molar flow rate of component i} y,
the molar fraction of component i; F the total molar flow rate at the outlet of the
reactor; V, the gas phase reaction volume and r the radial coordinate. The first term
on the right-hand side of this equation denctes the homogeneous net production rate
of component i with ng the numbeér of gas phase steps, v,; the stoichiometric
coefficient of component i in gas phase step k and r,, the rate of gas phase step k.
Since the kinetic experiments typically involve reaction mixtures containing more than
two abundant components and the deposition is associated with significant volume
changes, multicomponent diffusion effects need to be accounted for. Therefore, the
Stefan-Maxwell aquations (Bird &t al., 1960) are applied:
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Yy YN - YT (2.40)
dar & CD,
relating the molar fluxes of all species in the mixture to all concentration gradients. In
thesa eguations, C is the total gas phase concentration (= p/RT) and D;; the melecular
diffusion coefficient of gas phase species i in a binary mixture of i and j. The molecular
diffusion coefficients are calculated using the Chapman-Enskog relations (Reid et al.,
1987). Deposition is accounted for through the boundary conditions at r= R, apd r= R

il
r=A, No=3 v (2.41)
-
ns
r=R, N =-Yv_r._ (2.42}

el

The term on the right-hand side of these equations denotes the hetarogeneous net
production rate of gas phase component i with ns the number of surface steps, v, the
stoichiometric coefficient of gas phase species i in surface step m and r,, the rate of
surface step m. These boundary conditions state that the molar flux of each gas phase
species 10 the surface is balanced by the net surface production rate of that species.
For an ideal gas mixture containing NG components a set of (2NG-1) independent
first-order ordinary differential equations can be defined with malar fraction y; and
molar flux N, as dependent variables. In this way (NG-1) molar fractions and NG molar
fluxes are solved. The molar fraction of the NGth species follows from:

NG

Sy -1 (243)

a1

Deposition surface

At steady state, the continuity equation for surface component 1 is given by
na
E Voilam = Y (2.44)
m=1

with v, the stoichiomettic coefficient of surface component | in surface step m.

For NS surface components, including vacant surface sites, (N5-1) independent
norlingar algebraic equations can be defined with surface concentration L, as
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dependent variable. In this way (NS-1) surface concentrations are solved. The NSth
surface concentration follows from the condition that the total surface concentration
equals the total concentration of active sites, L

NE

YL =t {2.45)

=1

Growth rate and outlet molar flow rates

After solving the set of equations, given by (2.39) to (2.45), the growth rate and the
outlet molar flow rates can be calculated. The gilicon growth rate is obtained from the
following continuity equation for solid silicon, Si(s):

M, =
Ry = —= Y Vasi fam | s (2.46)

Pe m=
with Mg, the molar mass of solid silicon; pg, the density of solid silicon; v, 5, the
stoichiometric coefficient of solid silicon in surface step m. As the observed growth rate
corresponds to the growth rate in the centre of the reactor, the above calculation is
performed based on the conditions prevailing at r= R,. The outlet molar flow rate of
component i, F, is obtained by integrating equation (2.39) over the gas phasea reaction
volume:

e Fo - [f[vmav - [[[3vanav e
s g

The third terrn on the right-hand side of this equation denotes the volume integrated
homogeneous net production rate of gas phase component i. The second term on the
other hand represents the surface integrated heterogeneous net production rate of
component i, as will be shown in the next paragraph.

2.5.2 Solution procedure
The problem thus involves a set of (2NG-1) independent first order ordinary differantial

aquations coupled through the boundary conditions at r= R, and r= R, to two sets of
(NS-1) independent nonlinear algebraic equations.
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The set of differential aquations given by (2.39) and (2.40) subjected to the boundary
conditiohs given by (2.41) and (2.42) is integrated applying the method of arthogonal
collocation (Finlayson, 1972), Orhogonal collocation belongs to the methods of
weighted residuals, involving expansion of the unknown sclution in a set of trial
functions. In the method of orthogonal collocation the trial functions are chosen to be
sets of orthogonal polynomials satigfying the boundary conditions. The polyrnomials are
easily rewritten for problems involving planar, cylindrical, or spherical geometry. The
solution is derived in terms of the value of the solution at the collocation points, which
are determined from the roots to the orthogonal polynomials of highest order. In this
way the whole problem reduces 1o a set of algebraic equations. Quadrature formulas
can be applied in case the primary information desired from the solution is some
integrated property.

For an easy application of the method of orthogonal collecation, the set of differential
equations and boundary conditions is made dimensionless by replacing r with £R,:

ng
L T(e2N) = BRI v r. v By(Fy - VF WY, (2.48)
& dt &
_ Tt DZ yi yj | (249)
i
na
£ =1 N =Y v, I (2.50)
mal
g
Ex R/, N=-Yv, 1., (2.51)

The derivatives of the molar flux and the molar fraction are expressed as linear
combinations of the values of the solutions at the (M+2) collocation paints in the &-
direction, M being the number of interior collocation points (M= é). The above set of
mode! equations then hecomes, see Appendix 2C:

M+2 gy
E Ac‘chi‘c = H E Vk.ﬂ vk * F yF)/V ¢ = 2"'M+1 (2.52)

el

ik 259
- ' ¢ =1.M2 2.53
; [N+ lcr 0; CD
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n¥

Ni = E vm.'rnm = 1 (2I54)
mzt T

Nr' = _E vm.irn.m = M+2 (2I55)

met

with A, .. and B, .. sléements of the (M+2)x(M+2) square matrices A and B as shown
in Appendix 2C. The total molar flow rate at the outlet of the reactor, F, is derived by
summing equation (2.47) over all gas phase compenents, see Appendix 20,
Application of the method of orthogonal collocation thus converts the set of (2NG-1)
independent first order ordinary diferential equations plus boundary conditions, given
by (2.48) to (2.51), into a set of (ENG-1){M+2) independant nonlinear algebraic
equations, (2.52) to (2.55). The condition that the total melar fraction equals one, given
by equation (2.43), needs to be fulfilled at each collocation point giving rise to an
additional set of (M+2) linear algabraic aquations.

Combination of the equations for gas phase and deposition surface finally results in
a set of (ENG(M+2)+2N8) algebraic equations, which are solved simultaneously using
a modified Newton-Raphson method in the standard NAG-library routine COSNBF
(NAG, 1991}.

2.6 Conclusions

A laboratory reacter setup has been designed for the investigation of the kinetics of
the low pressure CVD of polycrystalline silicon. A thorough examination of the mass
and heat transport phenomena inside the faboratory reactor showed that mixing on
reactor scale is accomplished by fast molecular diffusion. Since penetration of the
laminar jets is confined to a small region close to the inlet nozzles, recirculation of the
reactor content by means of convective mass transport is practically absent.
Micromixing effects can be neglected, because the gas phase reaction network does
not comprise non-{pseudo-)first order reactions with characteristic times comparable
to or smaller than the micromixing time. The effectiveness of both heat transport on
reactor scale and heat transfer between deposition surface and gas phase is large
enough to consider temperature uniformity over the complete reactor. Whereas no
mass transfer resistancas exist for silane and hydrogen, irreducible mass transfer
resistances are present for the gas phase intermediates formed during the pyrolysis
of silane, e.g. silylene and disilane. These resistances are caused by the very high
surface consumption rates of thess intermediates compared to their transport rate by
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molecular diffusion. The shape of their concentration profiles is a complex function of
two dimensionless numbers, i.e. the Damk&hler-Il number based on their surface
reaction kinétics and a modified Thiele modulus based on their gas phase reaction
kinetics. Since these concentration gradients need to be considered during the
simulation of the kinetic experiments, a one-dimensional reactor model has been
developed expilicitly accounting for these gradients by considering molecular diffusion
with simultaneous gas phase reactions.
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Appendix 2A: Schematic representation of microbalance reactor setup
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Appendix 2B Analytical expressions for silylene concentration profile and
corresponding diffusion layer thickness

In this Appendix expressions ara derived for the concentration profile of silylene and
the thickness of the corresponding diffusion layer,

Concentration profile

The continuity eguation is given by,

Dgyom d A, ! E, (2B.1
—*Ff"— '“a-? re a7 El=r - kv GSH—!2 h v GS:‘H.J )
with as boundary conditions:
=) dc";"”z =0 (2B.2)
dar
dC.,,
r=R _DS‘iHE.m "“'-di;’l?" =K, CS.FHE (2B.3)

In crder 1o imegrate the second order differential equation with corresponding
boundary conditions, the concentration ig rewtritten as:

f

Cs;'HE T F o f (2B.4)
— kv
v
Substitution into equation (2B.1) results in;
1 d(p 9t oy (2B.5)
2 drl dr
with:
F k
o LA (2B.6)

V DR#HE_m D.S‘aHz_m

The general solution to equation (2B.5) is given by:
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f=ec

1

sinh(yo.7) . ., coshiyo r) (2B.7)
r r

The boundary condition at r=0, given by squation (2B.2), leads to a value of zero for
the ceefficient c,. Hence, equation (2B.7) reduces to:

f = o, Sinhto 0 (28.8)
r

The coefficient ¢, is obtained by applying the boundary condition at r=R, given by
equation (2B.3). The right-hand side of thiz equation is evaluated by substituting
equation (2B.4) combined with equation (2B.8}.

K.Cou, = B ki, Mgf@ (28.9)
with:
=k r"!
B = st—k (2B.10)
. t
v v

The term on the left-hand side of equation (2B.3) is evaluated by taking the first
derivative of equation (2B.B) at the boundary r=R:

df o p. |sinh(Rye) Vo cosh(Ra) (2B.11)

SiHgm “a“; ‘r-FI - SiHo.m Ha A

-D

Substituting equations (2B.9) and (2B.11} inte equation (2B.3) results in:

p
) sinh( Aya) -

o=
D k.

( Sitym

Rt R

, (2B.12}
Dﬁle.m ‘/a Cﬂﬂh(n\/a)

Substituting equation (2B.12) into equation (28.8) and the resulting expression into
equation (2B.4) finaily gives:
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A

_rsinh((HJ&),—;)

(2B.13)

Sy ™ Pkl Dswaf")sinh(m@) Darm Ryo.cosh(Ayo)
F _ +
ok, KA kA

with o given by equation (2B.6).

Diffusion layer thickness

The diffusion layer is defined as a fictitious layer in which no reaction would oceur and
over which there would exist a concentration gradient yielding a molar flux at the
depagition surface identical to that in the presence of reaction in the gas phase. The
thickness of the diffusion layer, 8, can be obtained from:

dGerE i

D CSJHzlr-R - CS;H2 |r-('n (EB 14)
T sim T ’

~=A = _DS.'HQ‘m 6

Expressions for the concentrations at r=0 and r=R as well as for the first derivative of
the concentration at r=R are obtained from equation (2B.13). Substitution into equation
(2B.14) results in the following expression for the thickness of the diffusion layer;

5 - R sinh{ Rya) - Ry (2B.15)
R o cosh{ Byu) - sinh( Ryu)
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Appendix 2C Solution procedure for model equations

The method of orthogonal coliocation is outlined for the differential equations with
corresponding boundary conditions, given by equations (2.39) to (2.42). These are
rewritten by replacing r by ER,:

ng
li((t,?N'.) = HUE Veilox * FplFo - vF)IV, (2C.1)
g* df pat
dy, YN, - N,
=E (2C.2)
A My
g =1 N =Y v .r. (2C.3)
5= R/R, N; = Evnﬂ &.m (2C.4)

On the domain 1 = & £ R/R,, the solution of the molar fraction is required to be
symmetric about £= 1, whereas at the same time the solution of the molar flux needs
to be antisymmetric about = 1. Therefore, a polynomial is defined as a linear
combination of both avan and odd powers of § with the highest power being m:

= Em: ¢ & (2C.5)

The coefficients c, are defined in such a way that the successive polynomials are
orthogona! to all pelynomials of order less than m, with some weighting function w(g):

b

[we) P& PRIEAE =0 with mel and nj= 01,...m  (2C9)

4

This orthegonality condition applies to spherical geometry and completely specifies the
polynomials, once choices have been made concerning weigthing function and interval
of integration. For the present computations, the weighting function w(£) is set to one,
while the integration interval is considered to range from a= 1.0 to b=R,/R = 2.218271,
see paragraph 2.5.1. The first polynomial Py(E) is set to one as well, thereby fixing the
coefficients of all higher polynomials. The roote of the polynamial P, (E) in the interval
a<f<b are choosen ag interior collocation points. A choice is made for 6th order
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orthogonal coliocation (m=6). Table 2C.1 lists the interior collocation points, calculated
as the roots of the polynomial P, (E) by solving equation (2C.6).

Table 2C.1: Roots of 6th order
orthagonal polynomial with
weighting function equal to one
and range from 1.0 to 2.218271.

£, = 1,047653159
£, = 1.231387361
£, = 1500051149
£, = 1.786313363
-, = 2.020143622
£, = 2.180918767

Based on the above polynomials the following trial functions are defined as
approximation for the selution of the molar flux and the molar fraction:

SR
NE) = b7+ doE + (1 - E)| L - a]); 8 Puc 1 ®) (26.7)
yE) = b7 + dVE « (1 —&)(% —&JZ az Py \(8) (2C.8)

Each trial function features (M+2) coefficients, resulting from (M+2) conditions. For
both the molar flux and the molar fraction M conditions are provided by the residuals
evaluated at the M interior collocation points. In case of the molar flux twe additienal
conditions are povided by the boundary conditions at £= 1 and &= R./R,, whereas in
case of the molar fraction two additional conditions are provided by the residuals
evaluated at extra collocation points defined al the above boundaries. The trial
functions are polynomials of degree (M+1) in £. These are rewritten as:

Me2

ME) - 3 0l 2c9)

el
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= g 2C.10
- ; drge (2C.10)

or in matrix notation as:
N=Qd" y=Qd" {(2C.11)

with N, y, d" and d' vectors of length (M+2) and Q an (M+2)x(M+2) matrix. The
operators for the molar flux and molar fraction in equations (2C.1) and (2C.2) are now
replaced by the matrix operations:

2N) = CQ'N = AN 2C.12

&2 3 9 ez ) = (2C.12)
day . c.

F =DQ'y = By (2C.13)

with the elements of the (M+2)x(M+2} square matrices defined as:

Q. =87 C. =& D, = (ce-1)EF? (2C. 14}

&

The derivatives are thus expressed as a linear combination of the values of the
solution of the molar flux or molar fraction at the collocation points, Substitution into
equations (2C.1) to (2C.4} yields the following set of collocation equations:

M3 ng
;}1 A N = Hog; Viiux * FolFlo — ¥V F)V,  c=2.MA (2C.15)

e yN yN

B e = 1.M+2 (2C.16)
; G.NJVI,N 0; GD +
ng
N=Ywv r. ¢ =1 (2C.17)
m
ng
No=-Yv.r, c¢=M2 (2C.18)

In this way a set of (2NG-1}{M+2) independent honlinear algebraic eguations results
with, at each collocation point, (NG-1) molar fractions and NG molar fluxes as
unknowns.
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Appendix 2D Expression for total molar flow rate at outlet of reactor

The total molar flow rate at the outiet of the reactor, F, is derived by summing
equation (2.47) over all gas phase components considered:

ng

F-F _sz [f[vnav )EU[; vt dV (2D.1)
" VQ' " VQ )

with F, the total molar flow rate at the inlet of the reactor. The second terrn on the
right-hand side of this equation is evaluated using the divergence theorem of Gauss:

[[[vnav = [[noa (2D.2)
VQ AU

with the right teérm evaluated from the boundary conditions given by equations {2.41)
and (2.42). The third term of equation (2D.1) is determined by means of the
quadrature formula:

A,/R, Moz

[rereide = ¥ w, f(@) (2D-3)

1 aemt

with w,, denoting the weighting factors. The final expression for the total molar flow
rate at the outlet of the reactor now becomes:

NG ny NG ns
_ 4 z
F= FU +4n F"'l E E Vrn‘:‘ra.m iﬁ'ﬁ""ﬁo +4RHO E E Vm.fr.!‘rr) ‘§:1
i1 w1 m-3

(2D.4)

NG A2

ng
T 4nHGS E E sz V.lr.frv.k (Ficc)
k=1

i1 oo

In order to determine the weighting factors, w
evaluated for f(E)= £

the integral in equation (2D.3) is

cc?

il 1 AR,
geerz | M o f (2D.5)

el co+2

and the resulting f vector, consisting of (M+2) elements f_, is multiplied with the
inverse of the (M+2)x(M+2) Q matrix (Finlayson, 1972):
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w’ = i7Q" (2D.§)

The resulting weighting factors are listed in Table 2D.1.

Table 2D.1: Weighting factors

w,=0

w, = 0.13147323
w, = 0.36005369
w, = 0.64903533
w, = 0.57366525
w, = 0.83918942
w, = 0.45172118

Wy =0
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EFFECTS OF PROCESS
CONDITIONS

3.1 Introduction

The kinetics of the low pressure CVD of polycrystalline silicon has been the subject
of a number of experimental studies carried out in conventional hot-wall multiwafer
LPCVD reactors (Van den Brekel and Bollen, 1981; Claassen &t af,, 1982; Jensen and
Graves, 1983; Roenigk and Jensen, 1985; Holleman, 1993). Although the general
trends observed in this type of reactors may be correlated with the chemistry and
kinetics, the interpretation of these investigations is not straightfarward because the
growth rate is determined by both transport phenomena and intrinsic kinetics. Another
shortcoming is that the growth rates are only determined at the end of a run and are
quantitatively linked with the process conditions such as inlet composition and flow
rates without taking into account the actual gas phase composition at the position
where deposition ocecurs.

The present investigation reports on steady state experiments performed in the
microbalance reactor setup, describad in Chapter 2. This reactor allows a direct
measurement of the growth rate combined with an on-line analysis of the
corresponding gas phase composition. Surface characterization techniques are used
to investigate the structure and quality of silicon layers deposited at typical LPCVD
conditions. In order to assess the effects of the process variables, silicon growth rates
as well as silane and SiH, outlet molar flow rates have been measured over a wide
range of total pressures, temperatures and fead compositions. An important topic
concerns the isolation of regions in which the contribution of gas phase reactions can
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be neglected. Furthermore, the interplay between gas phase and surface reactions as
a function of the process variables is investigated in the region where gas phase
reactions contribute significantly to the silicon growth process.

3.2 Experimental conditions

A total of 300 kinetic experiments were performed over the range of experimental
conditions listed in Table 3.1. This range coincides with the industrially relevan
apearation conditions for the deposition of polycrystalling silicon from silane in a
conventional hot-wall multiwafer LPCVD reactor.

Table 3.1: Range of experimental conditions
investigated for the deposition of Si(s) from

SiH,.
+3 25-125 Pa
T 863 - 963 K
V/Fsi,0 8.5 - 91 m* s mol”
Xew, 0.4 - 64 %

Hy/SiH, |, 0-2 -
SiH/Ar|, 0.7-9 -

3.3 Characterization of deposited layers

The structure of the deposited layers was studied using Scanning Electron Microscopy
(SEM)} and Atomic Force Microscopy (AFM), the latter applied in the constant force
mode (Binnig and Quate, 1986). The cross-sectional SEM micrograph in Figure 3.1
shows silicon layers deposited at different experimental conditions on top of each
other. A columnar structure typical of polycrystalline silicon ts visible. The AFM
micrographs in Figure 3.2 illustrate the randomly distributed growth centra at the
deposition surface. The grain size is approximately 0.1 um.

The level of impurity elements in the deposited layers was determined using Auger
Electron Spectroscopy (AES). The differentiated AES spectrum in Figure 3.3 shows
the presence of carbon and oxygen at the surface. Other contaminants were not
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detected. The distribution of oxygen and carbon throughout the deposited tayer was
obtained from AES depth profiling by alternating cycles of argon-ion sputtering at a
beam voltage of 5 keV, and measurement of the carben, oxygen, and silicon contents,

Figure 3.1: Scanning electron micrograph of cross section of sificon layers deposited
at different exparimental conditions on top of each other. Magnification: 1500X.

Figure 3.4 shows an Auger depth profile of a polyerystalline silicon layer deposited in
the microbalance reactor setup. The peak intensities of silicon {811: elemental silicon,
5i2: both elemental silicon and silicon dioxide) and carbon (C1) are shown in relation
to the peak intensity of oxygen (01) before sputtering as a function of sputter time. A
rough estimate of the sputter rate is 4£2 10° m min”. Within a distance of 2 10° m
fram the surface, corresponding to approximately five atomic layers, the oxygen and
carbon impurities reach a level below the detection limit. The signal of elemental
silicon (S11) concurrently increases to a high and constant level. The S12 signal does
not change since its intensity is independent of the extent of oxygen adsorption.
During the total sputter time of 80 min (2.4 107 m) the intensities remained
unchanged. Thus, only the topmost layers encompass oxygen and carbon impurities.
These impurities probably result from fong exposure to the vacuum inside the
microbalance reactor setup after deposition was completed. Carbon contamination is
generally attributed to the use of an oil-based vacuum pump in low pressure CVD
systems.
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Figure 3.2: 2-D atomic force micrograph (a) with 3-0 magnification (b) of surface of
sificon layer. Deposition conditions: T= 913 K, p= 50 Pa, SiH/Ar/= 4.0, F,, ,= 8.6
10° mol 57,

3.4 Space time
3.4.1 Delimitation of differential operating regime

A reactor is operated differentially when effects of reactant conversion on the
production rates can be neglected:

A(X
0.95 « # < 1.05 (3.1)
AX +AX)

with X, the convarsion of reactant i and R the net production rate.
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Figure 3.3: Differentiated Auger spactrum of
sificon layer. Deposition conditions: T= 809 K,
P= 25 Pa, SiH/Ar{= 4.0, Fgy o= 2.1 10° mol s
&i1: elemental sificon, 8I12: elemental silicon

and silicon dioxide, 313: silicon dioxide, C1:
carbon, O1: oxygen.
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Figure 3.4: Auger depth profile of silicon layer.
Depaosition conditions: T= 909 K, p= 25 Pa,
SiH/Ar[= 4.0, Fgy o= 2.1 10°% mol 7. 8i1:
elamental silicon, SIZ: elemental sificon and
silicon dioxide, G1: carbon, O1: oxygen.
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At differential operating conditions the produetion rate is determined by the feed
compositien only. Flow patterns in the reactor become irrelevant, and the measured
conversions can be used directly to determine the nat production rates. In the present
experimental study differential operating regimes with respect to silane conversion and
silicon deposition are distinguished.

In order to assess the regime of differential operalion with respect to silane
conversion, complete sets of conversion versus space time data were obtained at
different temperatures, total pressures and feed compositions. Differential operation
with respect to reactant conversion is in general satisfied in case the conversion
versus space time curves are straight lines through the origin, Without feeding
hydrogen the differgntial regime appears to be delimited by 912 K at 50 Pa. The
transition temperature between differential and non-differential operation is ohserved
to gradually decrease with increasing total pressure and amounits to 863 K at 100 Pa.
Cofeeding hydrogen appears to expand the differential regime towards 125 Pa at 912
K. With increasing temperature the upper bound of the differential regime moves to
lower total pressures. At 963 K the differential regime is delimited by 50 Pa.

On the other hand, delimitation of the regime of differential operation with respect to
silicon deposition requires comparison of complete sets of growth rate versus
conversion data at different total pressures, temperatures and feed compeositions.
Figure 3.5 shows the silicon growth rate as a function of silane conversion at 912 K
and different total pressures without feeding hydrogen. At pressures above 50 Fa the
growth rate is significantly effacted by a small change in conversion, indicating that
differential operating conditions with respect to silicon deposition are not satisfied at
higher prassures. Addition of hydrogen expands the range of differential conditions
towards 100 Pa, see Figure 3.6, probably as a result of lowering the silane pattial
pressure. Figure 3.7 shows the effect of ternperature on the growth rate versus
conversion data at 25 Pa without feeding hydrogen. Up to 912 K the reactor is
operated differentially. Similar sets of growth rate versus conversion data at higher
pressures reveal that the differential operating regirme is delimited by 912 K and 50 Pa
in case no hydrogen is fed. Cofeading hydrogen expands the differantial regime
towards 863 K at 25 Pa, soe Figure 3.8. For both type of experiments the trangition
temperature between differential and non-differential operation gradually decreases
with increasing pressure. In case no hydrogen is fed, transition occurs around 863 K
at 100 Pa. Feeding hydrogen extends the differential regime to 912 K at the same
pressure.
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Figure 3.5: Silicon growth rate versus
silane conversion. SiH/Ar/,= 4.0,
T=912 K. + p= 25 Pa, a p= 50 Pa,
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Figure 3.7: Silicon growth rale versus
silane conversion. SiH/Ar[,= 4.0,
p=25Pa + T= 863K, o T= 887 K,
T=912K o T=937 K, o T= 963 K.
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Figure 3.6: Silicon growth rate versus
sifane conversion. SiH/H,/,= 1.0,
SiH/Ar= 4.5, T= 912 K. + p= 25 Pa,
A p=50Pa, o p=80Pa, o p=100
Pa, op= 125 Pa.
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Figure 3.8: Silicon growth rate versus
sifane conversion. SiH/H,{~ 1.0,
SiH/At[= 4.5, p= 25 Pa. + T= 863 K, 0
AT=887K, 0 T=812K, ¢« T= 837 K,
oT=963 K.



84  Low PRESSURE (CVD OF POLYCRYSTALLINE SILICON: REACTION KINETIZE AND AEACTOR MODELLING

3.4.2 Contribution of gas phase reactions

The deviation from differential operation is probably due to the onset of gas phase
reactions. Evidence for the participation of larger silicon hydride species in the
deposition process exists even at the silane pressures employed in the LPCVD regime
(Scott et al, 1988; Holleman, 1993).

Figure 3.9 shows the effect of silane space time on the normalized Si,H, concentration
at 912 K and differant total pressures. This concentration refers to the outlet of the
laboratory reactor. It has been calculated based on the measured outlet mofar flow
rates of argon, silane and Si,H, and the hydrogen outlet molar flow rate obtained from
a simple hydrogen mass balance over the reactor, seg paragraph 4.3.1. Except for 50
Pa, a maximum in nermalized Si,H, concentration is observed at each pressure. The
maxima are attained at short space times, With increasing pressure the maximum
Si,H, concentration increases without changing the corresponding space time, The
height of the maximum changes proportionally to the second power of the total
pressure.
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Figure 3.89: Nommalized 8i,H, concentration
versus silane space time. SiH /Arf,= 4.0,
T=912K +p=50Pa, a p= 60 Fa, o p=
80 Pa, o p= 100 Pa, op= 125 Pa.

Figure 3,10 shows the effect of space time on the normalized 5i,H, concentration at
the reactor outlet at 100 Pa and differant temperatures. With increasing temperature
the maximum Si,H, concentration increases while shifting to shorter space times.
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Figure 3.10: Normalized Si;H, concentration
versus silane space time. SiH/Ar/,= 4.0,
p=100FPa. + T=863 K, a T=887 K, 0 T=
912 K, o T= 937 K.

The trends depicted in Figures 3.9 and 3.10 can be qualitatively explained on the
basis of a parfectly stired tank reactor and the parallel-consecutive kinetic scheme
shown in Figure 3.11. The following simplifications were made. The gas/solid mass
transfer resistances in general existing for all homogeneously formed gas phase
intermediates, see paragraph 2.4.1, are neglected. Hence, the gas phase ¢composition
govaming the growth rate is identical to the gas phase composition abtained at the
outlet of the reactor. Furthermore, it is assumed that the contribution from the isomers
H,SiSiH and H,SiSiH, to the Si,H, response measured at the outlet of the reactor can
be neglected and hence that the Si,H, concentrations depicted in Figures 3.9 and 3.10
merely reflect Si;H, concentrations,

According to the kinetic scheme of Figure 3.11 silicon is deposited sither via a direct
reaction of silane with the surface or from disilane produced during pyrolysis of silane.
The concentration curves shown in Figures 3.9 and 3.10 suggest strongly that upon
extrapolation to zero space time, the conceniration goes to zero indicating that disilane
is not a primary product in silane pyrolysis. Thers is currently widespread agreement
that the route to disilane involves unimolecular dissociation of silane to silylene, SiH,,
and molecular hydragen and subsequent insertion of silylene into silane (Burgess and
Zachariah, 1990; Becerra and Walsh, 1992; Ring and O'Neal, 1992). It is known that
the production of digilane is determined by the kinetics of the initial silane
decomposition reaction. At typical LPCVD conditions, this unimolecular reaction lies
in its low-pressure limit and the corresponding reaction rate coefficient can be written
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as the product of a second order reaction rate ¢coefficient and the concentration of third
bodies, sea paragraph 5.3.1. Since hydrogen is an inefficient collider, the latter
concentration is taken equal 1o the actual concentration of sitane, giving rise 10
sacond-order kinetics with respect to silane. The rate expression for gas phase
production of disilane thus becomes;

o =k Cly, (3.2)

The silicon deposition reactions are considered to be first order in silane or disilane
and inversely proportional to the total concentration or inlet concentration of silane to
the power m:

r =k Cs-ﬂn?fq‘ﬂ CSIH4 (3.3)
fy = K Cs_!ﬁq,o CSJEHB (3.4)

The dependence on the inlet concentration of silane to the power -m i qualitatively
in accordance with results from H, Temperature Programmed Dasorption (TPD} (Gates
et al., 1990, Imbihi gt al,, 1989). The relative sticking probabilities (s/s,) of silane and
disilane were found to decrease with increasing exposure or reactant pressure as a
result of increasing hydrogen surface coverage, see Figure 4.1 and Figure 5.2,

SiH, 2 SigHs

Si(s)

Figure 3.11: Parallel-consecutive kinetic
scheme for deposition of silicon from silane.

For the above kinetics the continuity equations for silane and disilane for a perfectly
stirred tank reactor now bacome:

F, Csmd.o -F, Csrn-;4 -k Céma.o Gs;.ug V-2 k. Cgm‘; V=20 (3.5)

-F, CSﬁ2H$ ks C:iiid V-k Cs:,-r;:d,o C%Hﬁ V=20 (3.8)
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These continuity equations are based on a constant volumatric flow rate, i.e. volume
changes as a result of reaction stoichiometry are not taken into account. Using the
hypothesis that the characteristic time for gas phase production of digilane, (RECE,HAIQ)”,
i much larger than the mean residence time, V/F,, the following expressions can be
derived for the concentrations of silane and disitana:

C
Cam, = e (3.7)
vk Can o VIF,
Ky Csigo VIF,
Con = (3.8)

(1 +k, Cam o VIF) (1 + & Cgll s VIF,)

Dividing equation (3.8) by the inlet concentration of silane and substituting the mean
residence time by Cgy ,V/Fg, , gives the following expression for the normalized
disilane concentration;

Copry k; Coiy0 ViFau 0

- (3.9)
Caigo (1 4k Carmo VFap o) (1 +k; Caitro ViF gy, o)

with WFE,HM denoting the silane space time. The maximum value of the nomalized
disilane concentration, which is obtained by equating the first derivative with respect
to silane space time of equation (3.9) to zaro, is given by:

Copg | _ K Caryo
Coro bax k(e :;(3 o +%0¢) (3.10)
with:
e 1058 @11)
and occurs &t a space time given by
VIFgu4y0 s = —— (3.12)

1-m
4 k;:, FiHy 0
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As noted earlier total pressure doeg not effect the position of the maximum, but
changes its height according to a second power dependence, see Figure 3.8. The
relations given by equations (3.10) to (3.12) correctly describe these experimental
trends for m equal to 1, In addition, with increasing temperature the maximum shifts
to shorter space times while increasing in heigth, see Figure 3.10. Assuming that bath
deposition reactions possess the same temperature dependence, the effect of
temperature on position and heigth of the maximum is, according to equations (3.10)
to (3.12), contained in the factors k:,CSJH*D"/kS and 1/k,, respectively. In the small range
of temperatures applied, the inlet concentration of silane is hardly effected by a
change in temperature. Hence, agreement with the experimental trends depicted in
Figure 3.10 is obtained if silicon deposition from disilane and consequently from silane
is activated, with an activation energy smalier than that corresponding to the gas
phase production of disilane.

For sufficiently short space times, the normalized disilane concentration increases
linearly with space time according to:

. CS.-‘?HE
lim
W30 | Sty

# by Clinyo VIFam o (3.13)

It should be noted that this result is independent of the type of rate equations used for
the deposition of silican from silane and digilane. The initial slopaes of the curves
shown in Figures 3.9 and 3.10 are determined by the value of kQCSin_Oz i.e. by the gas
phase production rate of disilane in the limit of small silane conversion. As a result of
the pressuré dependence of the infet concentration of silane, the initial slope at given
range of space tirnes should increase guadratically with increasing total pressure,
Although the number of experimental points at short space time is small, see Figure
3.9, extrapolation of the ¢urves to zero space time indeed results in a positive
correlation between the initial slope and the total pressure squared. According to
equation (3.10) temperature should also effect the slope provided the second order
reaction rate coefficient k, is temperature dependent. The results depicted in Figure
3.10 indicate a clear positive correlation between temperature and initial slope,
corresponding to an activated gas phase production of disilane. Comparison of the
initial slopes in the temperature range from 863 to 912 K results in an activation
energy of 233 kd mol'. This value is in good agreement with the range of activation
energies found in literature for the initial reaction in silane pyrolysis, i.e. unimolecular
decomposition of silane into silylene and hydrogen. Purnell and Walsh ({1966)
expetimentally obtained a value of 234 kJ moi™ in the temperature range 650-700 K
and at pressures ranging from 5 to 30 kPa, whereas Newman ef al. (1979) found a
value of 221 kJ mol” at 530 kPa in the temperature range between 1035 and 1184 K.
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A rough estimate for the relative contributions to silicon deposition from disilane and
gilane is obtained from;

) 2k, Cs’z”a
K, Gy,

iH,

(3.14)

The factor twe in the numerator accounts for the incorporation of two silicon atoms per
disilane molecule reacting at the surface. Substituting the expressions for the silane
and disilane concentration, given by equations (3.7} and (3.8), for m equal to 1 gives:

2k, k, C.:;‘H‘,.O VIF SiH,,0

- (3.15)
k (1 +k WFSin.O) (1-k VI SHy0)
For sufficiently short space times, equation {3.15) raduces to:
, 2k k
WFI,I,,,T—W 5= k, 2 Csz}qu,o VIF, SiH,.0 {3.18)

At sufficiently small silane conversions, the relative cortribution of disilane o the
silicon deposition process increases proportionally with increasing space time and
quadratically with increasing inlet concentration of silane, i.e. with increasing total
pressure. Furthermore, it exhibits the same positive temperature dependence as the
initial reaction in sitane pyrolysis provided k, and k, have similar temperature
dependences.

3.5 Pressure

The laboratory reactor is aperated differentially with respact to silicon deposition up
to total pressures of 50 Pa and temperatures of 912 K when no hydrogen is fed.
Deviation from differential opgration at higher total pressures is probably due to the
onset of gas phase reactions. This is in line with the results of Holleman and Verwaeij
(1993) who siudied the kinetics of silicon deposition in a conventional hot-wall
multiwafer LPCVD reactor. The measured silicon growth rates appeared to be
independent of intarwafar spacing up 10 total pressures of 60 Pa while feeding pure
silane at 900 K, indicating the insignificance of gas phase reactions up to this
pressuré,

In order to rule out interference of gas phase reactions with the deposition process,
a discrimination is made between total pressures in the ranges from 25 to 50 Pa and
from 50 to 125 Pa. The total pressure rather than the inlet partial pressure of silane



90 Low PRESSURE CVD OF POLYCAYSTALLINE SILICON: HEACTION KINETICS AND REACTOR MODELLING

is chosen as independent variable, because it more uniquely reflects the importance
of gas phase reactions.

3.5.1 Pressure range from 25 to 50 Pa

The experimental data reveal an increasing silicon growth rate with increasing iniet
partial pressure of silane. Partial reaction orders between 0.28 and 0.44 are obtained
at 912 K, depending on silane space time and feed composition.

Different repotts congcermning the depandence of the silicon growth rate on silane partial
pressure are found in literature. At typical LPCVD conditions Claassen ot a/. (1982)
and Hitchman et al (1978) report growth rates that are linear in silane pressure,
whereas the data of Van den Brekel and Boilen (1981) reveal a less than linear
dependence. Holleman and Aamink {1981) report growth rates that are proportional
to the square root of the silane partial pressure, Except LPCVD studies, numerous
high temperature (1023-1373 K) studies of the direct reaction of silane with a silicon
surface have been reported. Notable among these studies is the early work of Farrow
(1974). Farrow observed a linear dependence of the silicon growth rate on silane
partial pressure aver a {femperature range from 293 to 1473 K and silane pressures
ranging from 1 10° to 133 Pa. This dependence is supported by later work of
Henderson and Helm (1972}, Duchemin st al. (1978) and Farpaam and Olander
(1984).

3.5.2 Pressure range from 50 to 125 Pa

Figure 3.12 shows the effect of total pressure on silicon growth rate and silane
canversion at 912 K and different silane space times. Compared to the pressure effect
on the growth rate in the differential regime, i.e. at pressures up to 50 Pa, a more
proncunced effect is observed here. In particular at short space time, the silicon
growth rate increases drastically with increasing pressure.

The Si,H, selectivity generally decreases with increasing silane conversion, see Figure
3.13. The effects of process conditions on the experimentally observed selectivities
can thus be disguised by simultanecus changes in conversion. Therefore, an
unambiguous determination of the effect of total pressure on the selectivity requires
the comparison of complete sets of selectivity versus conversion data at difterent total
pressures, as shown in Figure 3.13 as well. At a given silane conversion the SiH,
selectivity increases more than linearly with increasing pressure, indicating the
occurrence of gas phase reactions towards Si,H, components. The amount of Si M,
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components in the gas phase varies between 0.1 and 1 mol%. Due to the high surface
reactivity of the Si,H, components, but also of silylene being a key intermediate in the
formation of these components, a significant increasa in gilicon growth rate takes place
as shown in Figure 3.12a. Van den Brekel and Baollen (1981) measured & typical ratio
of 107:10%:1 between monosilane, disilane and trisilane at the outlet of a conventional
LPCVD reactor. Although the observed SiH, molar fractions are in good agreement
with the ratio found by these authors, Si;H, components were not detected in the
laboratory reactor. The amounts of these components were obviously too small to fall
within the detection limit of the guadrupole mass spectrometer (1 ppm).
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Figure 3.12; Silicon growth rate (a) and silane conversion (b) versus total pressure.
SiH/Ar[= 4.0, T= 912 K. + V/Fgy ,= 9.6 m’ s mol’, a VIF sy o= 16.4 m’ s mol’, o
ViFsin o= 30.7 m® & mot’.

3.6 Inlet hydrogen-to-gilane ratio

The effect of the inlet hydrogen-to-silane ratio on the silicon growth rate at 12 K and
total pressures of 25 and 50 Pa is shown in Figure 3.14. The use of the inlet
hydrogen-to-silane ratio ingtead of the actuai prevailing one is justified, because the
laboratary reactor is operated differentially at the conditions congidered here, see
paragraph 3.4.1. Changing a 1:2 H/SiH, into a 5.4 H/SiH, feed ratio reduces the
silicon growth rate by approximately 15%. Due to hydrogen adsorption vacant surface



92  Low PressuAr CVD OF POLYCRYSTALLINE SILICON, REAGTION KINETICS AND REACTOR MODELLING

sites are blocked and silane adsorption becomes more difficult. As a result the silicon
growth rate drops. At 25 Pa hydrogen inhibition is slightly more pronounced than at
50 Pa.
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Figure 3.13: 5i,H, selectivily versus silane
conversion, SiH/Arl,= 4.0, T= 912 K.

+ p=50 Pa, o p= 60 Pa, o p= 80 Pa, « p=
100 Pa, 11 p= 125 Pa.

Apparently conflicting reports concerning the existence of a hydrogen effect are found
in the literature. Henderson and Helm (1972), van den Brekel and Bollen (1981), Buss
et al. (1988), Robbins and Young (1987) and Foster &t &/, (1986) report no evidence
for hydrogen inhibition. However, Claassen ef 2l (1982) observed that the growth rate
is inversely proportional to the hydrogen pressure for silane partial pressures less than
10 Pa in a hydrogen ambient at 888 K and 66 Pa total pressure. The same authors,
however, detected no variation in growth rate in gither hydrogen or nitrogen ambients
at silane partial pressures higher than 10 Pa. According to Van den Brekel and Bollen
(1981) thase obgervations may be explained in terms of incomplata gas haat up in the
case of nitrogen ambients. In accordance with the results of Claassen er al {1982),
Holleman and Aarnink (1981) and Helleman (1993} repert growth rates that are
inversely proportional 1o the hydrogen partial pressure at 898 K. According to these
authors the hydrogen inhibiting effect becomes weaker at higher termperatures and
turns into an inverse square root dependence at 973 K. Hottier and Cadoret (1981)
observed different hydrogen pressure dependences on monocrystalline and
palycrystalline silicon layers. On single-crystalline silicon, the growth rate exhibited an
inverse square root dependence, whereas on polycrystalline silicon the inhibiting effect
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was described by an inverse proporional dependence. Experiments of Duchemin et
al. (1978) with silane partial pressures up to 26 Pa and temperatures up to 1263 K are
in support of the inverse square root dependence on hydrogen pressure. These
authors attributed this effact to dissociative adsorption of molacular hydrogen. it should
be noted that when a hydrogen effect is reported large excesses of hydrogen have
been used. Absence of inhibiting effects is in general reported in those cases where
only small excesses of hydrogen have been used.
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Figure 3.14: Sificon growth rale versus
inlet hydrogen-to-silane ratio. T= 912 K,
Fsigo= 2.6 10° mol 57, Fy= 6.3 10° mol
5, argon as balance. + p= 25 Pa,

a p=50 Pa,

3.7 Temperature

Figure 3.15 shows the silicon growth rate, silane conversion and Si,H, selectivity as
a function of temperature at two different silane space times. With increasing
temperature the silicon growth rate and the silane conversion increase. The SiH,
selactivity shows a maximum which moves to lower temperatures with increasing
space time. Concurrently, the heigth of the maximum decreases slightly.

Figure 3.16 shows the silicon growth rate versus reciprocal temperature in the
temperature range from 863 to 963 K at 50 Pa total pressure. A comprehensive UHY
study of Buss ef al. (1988) reporits a change in rate-determining step between 900 and
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1100 K depending on the silane fluxes, i.e, the silane partial pressures, used. Below
this transition temperature, the silicon surface is nearly fully covered with hydrogen
and hydrogen degorption completely determines the silicon growth rate. According to
Buss ot al. (1988}, this regime is characterized by an apparent activation energy in the
range 230-250 kJd mol’. As temperature increases, the surface coverage of hydrogen
starts to decrease and silane adsorption gradually takes over as rate-determining step.
As a result, the apparent activation energy decreases and finally reaches a value close

to zero.
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Figure 3.15: Silicon growth rale (a), sfane conversion () and Si.H, selectivity (-----)
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A change in rate-determining step is not reflocted by the experimental results depicted
in Figure 3.16. The apparent activation energy obtained from the least-mean-squares
slope amounts to 155.5 kJ mol'. This value indicates that the experiments were
conducted in a kinatic regime where hydrogen desorption is particularly important.
Apparent activation energies for silicon deposition at LPCVD conditions range from
130 kJ mol™ to 180 kJ mol™ (Rosler, 1977; Hottier and Cadoret, 1981; Van den Brekel
and Bollen, 1981; Beers and Bloem, 1982; Claassen ot al., 1982; Hollaman, 1993).

3.8 Conclusions

The laboratory reactor satisfies differential operation with respect to silane conversion
and sificon deposition up to roughly 12 K and 50 Pa in case pure silane is fed.
Cofeading hydrogen expands the regime of differential operation towards higher tota
pressures and higher temperatures, probably as a result of lowering the silane partial
pressure,

In the differential operating regime partial réaction arders of silane typicaily range from
(.28 to 0.44, depending on silane space time and feed composition. The apparent
activation energy of the silicon deposition process amounts to 155.5 kd mal™,
indicating that the kinetic experiments were conducted in a kinetic regime where
hydrogen desorption is particularly important. Cofeeding hydrogen inhibits the siticon
growth. Due to the adsorption of hydrogen vacant surface sites are blocked and, as
a result, silane adsorption is hamperad.

Departure from differential operating conditions at higher pressures and temperatures
can he attributed to the occurrence of gas phase reactions. At total pressures higher
than 50 Pa, a maximum is attained in the normalized Si;H, concentration, Cg,,, /Cey o,
versus silane apace time. The position of the maximum is indepandent of prassure.
Its height, however, increases quadratically with pressure. In addition, with increasing
temperature the maximum shifts to shorter space times while incraasing in heigth.
These trends can be qualitatively explained oh the basis of a perfectly stirred tank
reactor model and a parallel-consecutive kinstic scheme accounting for silicon
deposition from silane and from disilane produced during pyrolysis of silane. In this
strongly simplified rnodel gas phase production of disilane follows second order
kinetics with respect to silane, whereas the silicon deposition reactions are considered
first order in silane or disilane and inversely proportional to the total concentration or
the inlet concentration of silane. In case the latter reactions are activated in roughly
the same way, gas phase production of disilane is found to be more activated. It has
the same positive temperature dependence as the initial reaction in silane pyrolysis,
i.e. unimolecular dissociation of silane into silylene and hydrogen. The obtained
activation energy amounts to 233 kJ mol”'. At sufficiently small silane conversions, a
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similar dependence on the total pressure and the temperature is found for the relative
contribution of disilane to the silicon deposition process and, hence, for the relative
importance of gas phase reactions.
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KINETICS IN THE ABSENCE OF
GAS PHASE REACTIONS

4.1 Introduction

The chemisorption of silane and subsequent surface steps towards solid silicon have
been investigated recently using ultra-high vacuum (UHV) techniques such as
temperature programrmed desorption (TPD) combined with static secondaty ion mass
spactrametry (S5IMS) (Gates, 1988; Greenlief of al., 1989; Gates of al., 1890a,b,c),
laser-induced thertmal desorption (LITD) (Sinniah ef al, 1989; Sinnizh et al.,, 1980),
scanning twnneling microscopy (STM) (Boland, 1991,1992) and modulated molecular
beam gcattering (MMBS) (Farnaam and Clander, 1984). These machanistic studies
were performed on well-defined single-crystalling silicon surfaces such as Si(100)-
{2x1) and Si(111)-(7x7}, which have been considered extensively in literature {Chadi,
1879, Takayanagi ef al, 1985; Hamers et al, 1986; Roberts and Needs, 1980),
The mechanistic information provided by these studies has been used as a basis of
several surface chemical kinetic models for very low pressure silicon growth from
gilane on Si{100) (Gates et af., 1990c; Greve and Racanelli, 1991; Gates and Kulkami,
1991). Greve and Racanelli (1891) derived an expressian for the silicon growth rate
based on a four-step mechanism and regressed this expression on experimental
growth rate data obtained by ultra-high vacuum chemical vaper deposition (UHVCVD)
at total pressures around 0.1 Pa. Gates and Kulkamni (1991) applied a similar
mechanism for the simulation of literature data for both silicon growth rate and
hydrogen surface coverage measured as a function of termperature.
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Recently, Hollernan and Verweij (1993) reported on a comprehensive kinetic study of
the decomposition of sitane in a conventional hot-wall multiwafer LFCVD reactor at
total pressures between 10 and 1000 Pa. Heterogeneous and homogeneous
decomposition of silane were separated by varying the amount of wafer area per unit
volume and the silane partial pressure as well as the total pressure. In order to
simulate the silicon growth rates obtained in the region where gas phase reactions
could be omitted, a five-step mechanism was daeveloped including the most important
mechanistic aspects of the above mentioned UHY studies. The silicon growth rate
could be descrived adequately in terms of the reaction rate coefficients of silane
adsorption and hydrogen desorption only. An important drawback of this investigation
is that the growth rates were determined at the end of a run and guantitatively linked
with the inlet composition, total pressure and flow rates without taking inte account the
actual gas phase composition at the position where deposition occurred.

The present work reports on the development of a six-step elementary reaction
mechanism valid in the region of process conditions where the contribution of gas
phase reactions can be omitted. This mechanism is derived by modelling of the kinetic
experimants lying mainly in the differential operating regime derived in paragraph 3.4 .1
and is based on the above mentioned mechanistic and kinetic studies. It should be
noted that direct translation of results obtained under UHV conditicns to a reaction
mechanism applicable under LPCVD c¢onditions is not obvious, Under LPCVD
conditions the surface reactions occur on polycrystalline silicon, incorporating many
crystallographic orientations with specific chemical features, Morgover, even when the
order of reaction and hence the kinetic parameters for an elementary reaction are
clear under controlled UHV conditions, the situation may be different under LPCVD
conditions, where kinetics may be coverage dependent.

In order to simulate the experimentally obtained growth rates, model equations are
derived coupling the silicon growth rate to the governing gas phase composition inside
the reactor. The kinetic and thermodynamic parameters present in the modelling
equations are estimated using a single-response nonlinéar minimization routine
(Marquardt, 1963). Discrimination among rival madels is hased on statisticai testing,
whenever it i5 not possible by direct process observation or physico-chemical laws.
The purpose of the developed kinetic model is to provide a statistically sound and a
physically reasonable description of the experimental data.

4.2 Construction of reaction network

The basis for the reaction network used in the present work is given by the elementary
reactions (1-6} listed in Table 4.1. This way of presenting a reaction network was
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developed by Temkin (1971) and allows a straightforward calculation of the net
production rates of the compenemnts involved in the surface reactions. Reaction (1)
concerns dissociative adsorption of silane. Depending on the crystallographic
orientation of the silicon surface used, two distinet adsorption mechanisms have been
identifiad in the literature, On Si(100)-(2x1) silane was found to adsorb dissociatively
forming a surface trihydride species, SiH;", and a hydrogen adatom, H*, as shown in
Table 4.1 (Gates &t al, 1990a,b,c). The symbol * denotes a dangling bend on a vacant
silicon surface atom. The number density of dangling bonds on Si(100)-(2x1) amounts
to 6.8 10" m*® (Faldman et al, 1980). The two dangling bonds required for silane
adsormption could originate from the silicon surface atoms of one Si-Si dimer or from
the surface atoms of two adjacent Si-5i dimers (Gates & al,, 1990b). On Si(111)-(7x7},
possessing & humber density of dangling bonds equal to 3.0 10'® m'? (Takayanagi et
al., 1985; Avouris and Wolkow, 1989), formation of a surface dihydride species, SiH,",
was observed with simultanecus release of molecular hydrogen (Farnaam and
Olander, 1984; Gates ot al,, 1990b,c):

SiH, + « — SiH,» + H, (4.1)

Table 4.1: Elementary reactions considered on the silicon
surface (1-6) and global reactions (o,B).

s, O
8iH, + 2* — SiH,* + H* 1 {n
SiH," + * — SiH,” + H° 1 3
SiH," + * - SiH* + H* 1 (3)
SiH" — Si{s) + H" 1 (4)
+
SiM, + 4% — Si(s) + 4H" 1 )
M - HE 4 2 (5)
H*+ H = H, + 2 (6)
+

SiH, — Si(s) + 2H, (#)
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Gates et af, (1990b) ascribed the difference in adsorption mechanism to the difference
in distance betwegen adjacent dangling bends on Si(111)-(7x7), i.e. 0.7 nm (Takayanagi
at al., 1985), and dangling bonds on the dimers ant Si{100)-(2x1), i.e. 0.24 nm (Ciraci
and Batra, 1986), Reported activation energies, however, show no disparity,
regardless of crystallographic orientation. Gates et al (1989) found a value of 13 kJ
mol? for the Si(111)-(7x7) surface. In a later paper, Gates and Kulkarni (1991)
postulated the sarme value as a good approximation for the Si(100)-(2x1) surface.
Buss ef al. (1988) obtained values ranging from © to 17 kJ mol” for adsorption on
polycrystalline silicon,

An appropriate measure for the surface reactivity of a gas phase species is denoted
by the sticking probability, s, which is defined as the net rate of adsorption divided by
the rate of collision with the surface (Boudart and Diéga-Mariadassou, 1984). Scott ef
al. (1989) measured a sticking probability < 1 10° for silane towards Si(111)-(7x7) at
room temperature. The sticking probability decreased strongly with hydrogen coverage,
approaching 5 107 at 0.5 monolayer of adsorbed hydrogen. Gates et al. (1990b.¢)
obtained sticking probabilities on clean surfaces, s, of 3 10®° and 2 10™ for silane
adsorption at 673 K on 8i(100)-(2x1) and Si(111)-(7x7), respectively. Plots of the
relative sticking probability, s/s,, versus hydrogen surface coverage, 0,, at this
temperature are shown in Figure 4.1.
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Figure 4.1: Relative sticking probability of SiH,
versus the hydrogen surface coverage for
Si(100)-(2x1) and Si(111)-(7x7). T,= 673 K (Gates
et al., 1990c).
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A sharp drop by a factor of roughly 2 occurs at low 8,. This abrupt decrease in s/%,
was attributed to filling of reactive defect sites. At high 8, the Si(100)-(2x1) and
5i(111)-(7x7) surfaces clearly exhibit different saturation behaviour towards silane. On
Si(100)-(2x1) saturation eccurred when —1 10" SiH, m™* were adsorbed, corresponding
to 4 10" H m*® or 8,= 0.6 H/Si, which is well below one monolayer. According to
Gates et al. (1990b,c} saturation resulted from the requirement of two adjacent
dangling bonds for adsorption via reaction (1) of Table 4.1, On Si{111)-(7x7), however,
no saturation occurred up to exposures of 10% SiH, m™® The corresponding 6,
approached 1 H/8i, despite the fact that the density of dangling bonds on the 3i(111)-
(7x7) surface is 0.38 dangling band per surface silicon atom (Avouris and Wolkow,
1989). Obviously, silane adsorption on a hydrogen covered Si(111} surface is not
restricted to the dangling bonds ag required for the adsorption reaction given by
equation (4.1). Gates et al (1990b) proposed a mechanism involving insertion of
surface H or SiH, fragments into strained surface Si-Si bonds with &n activation energy
in the range 4-21 kJ mol.

In the present work silana adsarption is considered to progeed through reaction (1) of
Table 4.1, which is in line with the work of Hollernan and Verweij (1993). The inclusion
of the adsorption reaction given by equation (4.1} did not further improve the modelling
results. Evidence for the irreversible adsorption of silane is provided by the TAP
(Temporal Analysis of Products) altemating pulse experiments with silane and
deuterium presented in paragraph 7.3.1, revealing no desorption of deuterated silicon
containing gas phase species. Reaction (1) is treated here as an elementary raaction
obeying third order kinatics, but will undoubtadly comprise a number of lower order
elementary reactions in reality.

Trihydride decomposition is assumed to occur through interaction with a vacant
surface site without direct release of molecular hydrogen into the gas phase, reaction
(2) of Table 4.1, which is completely in line with the results of Greenliof &t al (1989)
and Gates ef al. (1990a). The stability of the surface trihydride species is controlled
by the number of dangling bonds or vacant surface sites. This effect waz manifested
in a slight decrease of the pseudo-first order pre-exponentional factor of trihydride
dacomposition on Si(100)-(2x1) as the number of dangling bonds decreased (Gates
et al., 1980a).

Dihydride decomposition is kriown 1o proceed via at least iwo mechanisms, Gates et
al (1990a) postulated that a surface dihydride species decomposes via interaction with
a vacant surface site, see raaction (3) of Table 4.1. An additional reaction obszerved
for dihydride decomposition involves direct release of molecular hydrogen into the gas
phase (Gupta et al, 1988; Greenlief, 1989; Gates & al, 1990a):

28iH,» — 28iH+ + H, (4.2)
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As indicated in paragraph 3.7, silicon growth is controlled predominantly by the rate
of hydrogen desorption in the complete range of process conditions investigated, see
Table 3.1. Consequently, hydrogen adatoms are the only kinetically significant surface
species and the surface concentrations of the silicon hydride species are negligible.
Due to the abundance of vacant surface sites compared to sites occupied by dihydride
species, reaction (3) of Table 4.1 is more likely to occur than the reaction given by
equation (4.2). Moreover, the use of the second order dihydride decomposilion
reaction does not lead to essentially different medel equations than those treated in
paragraph 4.3.2, indicating the insensitivity of the deposition kinetics for the kinatics
of dihydride decompaosition.

In the present work monohydride species, SiH*, and hydrogen adatoms, H*, are
treated as separate surface species, although experimentally not distinguishable. The
basic difference between these species is that the hydrogen atom in SiH* is bonded
to a silicon adatom, whereas H* denotes a hydrogen atom bonded to a silicon surface
atom. Monchydride decomposition is considared to procesad via reaction (4) of Table
4.1, In most mechanistic and kinetic modalling studies, monohydride decomposition
is taken into account through global reaction (v} of Table 4.2 assuming first order
kinetics with respect to the hydrogen surface coverage (Gates et al,, 1990b.¢c; Gates
and Kulkarni, 1991; Greve and Racanelli, 1991; Hollerman and Verwelj, 1993). Besides
the assumption of first order hydrogen desorption kinetics, no further specifications are
made with regard to the underlying mechanism. In the present work, however, global
reaction (y) is thought to consist of the elementary reactions (4-6), describing the
formation of solid silicon and the subsequent recombinative desorption of hydrogen.

Table 4.2: Elementary reactions (4-6) considered in
monohydride decomposition via global reaction {y).

GY
SiH* - Si(s) + H* 2 {4)
H = H* +* 1 (5)
M+ H® = H, 4 * 1 (6)

G rammms -

25iH* - 2Si(s) + H, + 2* (v)
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I the usual picture of recombinative hydrogen desorption, the hydrogen adatoms
diffuse from site to site, occasionally undergeing a collision leading to reaction and
desorption;

2Hs = 2+ + H, (4.3)

Such mechanism, which iz fregquently observed for recombinative hydrogen desorption
from metal surfaces, vields a desorption rate varying quadratically with the hydrogen
surface coverage. Neglecting the role of the surface bonding during the desorption
process, the standard enthalpy of hydrogen desorption is equal to 2D%(Si-H)-D(H-H),
where D° is the bond strength. Substituting a H-H bond strength equal to 439 kJ mol”
and assuming an Si-H bond strength of 376 kJ maol™ (Walsh ef al,, 1981) the standard
hydrogen desorption enthalpy amounts to 314 kJ mol”'. Studies of hydrogen desorption
from Si(111)-(7x7) indeed report s&cond order kinetics with respect to the hydrogen
surface coverage, described in terms of the above mentioned mechanism with
activation energies around 254 kJ mol” (Schulze and Henzler, 1983; Koehler &t al.,
1988; Wise et al, 1991). Reider ef al. (1991A) observed an intermediate desorption
order of 1.56 for the same surface.

For Si(100)-{2x1), however, studies of hydrogen desorption report first order kinetics
with respect to the hydrogen surface coverage with activation energies ranging fram
188 to 243 kJ mol' (Wise ef al. 1991; Sinniah et al, 1989,1990; Hafer, 1992). The
origin of this unusual first order desorption kinsetics is $till & matter of debate. Wise
al (1991) measured first order kinetics with an activation energy of 24348 kJ mol™.
These authors proposed that surface dimerization, prasent on the (2x1) reconstructed
surface and absent on the (7x7) surface, is responsible for the unusual first order
kinetics. The transformation of the two singly occupied dangling bonds on a Si-Si
dimer into a n-hond lowers the total energy of the Si-Si dimer by 21-75 kJ mol”
(Nachtigall et &/, 1991; Boland, 1991,1992). Adsorption of a hydrogen atem, on the
other hand, breaks this 7-bond to form a Si-H bond on one side and a true dangling
bond on the other side of the dimer. Therefore a partially hydrogen covered surface
can lower the total energy by the pairing of the hydrogen adatoms on dimers, resulting
fn Si-Si dimers with either no hydrogen or two hydrogen adatoms bonded to them.
Pairwise occupation of the dimers becomes thus energetically favorable relative to
singly occupied dimers. Assuming the w-hond energy is totally regained through
pairwise desorption, the standard enthalpy of hydrogen desorption lies in the range
239-293 kJ mol”. In case hydrogen adsorption is considered to be non-activated, the
range of activation energies for hydrogen desorption is the same and thus in good
agreement with the value found by Wise &t al. (1991). Such a preferential pairing was
indeed observed in recent scanning tunngling microscopy (STM) studies of annealed
H/Si(100)-(2x1) surfaces by Boland (1991,1892). Initially at room temperature,



hydrogen adatoms singly occupied the Si dirmer units while at higher temperatures,
-630 K, these adatoms tended to pair up. Furthermore, at low coverages hydrogen
adsorption was observed to be random and subsequent annealing to 630 K was
observed to promote the hydrogen pairing. Based on these results Boland concluded
that hydrogen adscrption is random, and thermally activated diffusion is necessary to
generate the theérmodynamically favored hydraogen pairing. However, TFD
measurements of Widdra and Weinberg (1994) showed that hydrogen pairing oecurred
even at tomperatures as low as 150 K without annealing to higher temperatures.
Because of the high activation energies for hydrogen diffugion on silicon surfaces, e.g.
145 kJ mol”' (Reider et af, 1991B}, these authors rejected the possibility that diffusion
of adsorbed hydrogen is responsible for pairing.

A second mechanism frequently encountered for hydrogen desorption from Si(100)-
(2x1) is that of Sinniah et af. (1988,1990), who measured first-order desorption kinetics
with an apparent activation energy of 18818 kJ mol'. In case of non-activated
hydrogen adsorption, the standard enthalpy of hydrogen desorption is 18818 kJ mol™
as well and thus significantly lower than the above mentioned range, 239-293 kJ mol .
Sinniah et a/. {1989) postulated a two-step mechanistic model, which incorporates the
rather low apparent activation energy and the first order dependence on the hydrogen
surface coverage. Theé rnechanistic model is illustrated by reactions (5) and (6) of
Table 4.1, The activated H, desorption reaction proceads via excitation of a covalently
bound hydrogen adatorm from a localized Si-M bond to a two-dimensional delocalized
state H®. The H° state is bound to the surface by 188 kJ mol”, i.e. 188 kJ mol' higher
in energy than the original Si-H bond possessing a bond strength of 376 kJ mot'. The
final elementary step in the recombinative desorption mechanism is the reaction of the
excited delocalized hydrogen atom H° with a localized hydrogen adatom leading to H,
desarption, reaction (6). This reaction is considered to proceed potertially fast
compared to excitation of a hydrogen adatom, reaction (5), giving rise to the [lirst order
desorption kinetics. Furthermore, the formation of a localized hydrogen adatom via
interaction of a delocalized hydrogen atom with & vacant surface site is considered
very slow. For any appreciable coverage of localized hydragen adaterns the diffusion
fength of a H* atom necessary to find such localized hydrogen adatom is not very
larga making recombination with another localized hydrogen adatom, reaction (8),
much mare likaly to occur than interaction with a vacant surface site, the reverse of
reaction (5). Based on isotope mixing experiments, Sinniah &t al, (1920} rejected the
possibility that desorption occurs via a pairing mechanism as described abova. The
authors dosed a clean 5i(100)-(2x1) surface with 0.25 monglayers of deuterium and
annealed to 650 K to promote pairing. The surface was then cocled to 120 K and
exposed to an equivalent dose of hydrogen atoms. The measured thermal desorption
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yield ravealed complete isotope mixing, i.e. Hy:HD:D,~1:2:1, arguing against first order
desorption kineties due to recombination of prepaired hydrogen adatoms.

In the present work hydrogen desorption is accounted for via first order kinetics, which
is in line with the work reported by Holleman and Verweij (1993). These authors found
good agresment between calculated and measured growth rates assuming first order
hydrogen desorption kinetics. From the above given considerations it is clear that the
literature is not able to uniquely identify the maechanism of first order hydrogen
desorption. Reported observations place sevére constraints on both proposed
mechanisms. In the present work a choice is made for the band model of Sinniah et
al. {1989,1990). In order to take inte account the hydrogen inhibition effects shown in
paragraph 3.6, digsociative adsorption of molecular hydrogen was taken into aceount
by considering reaction (6) of Table 4.1 reversible.

Gobal reaction () of Table 4.1 describes the decomposition of silane into solid silicon
and four hydrogen adatoms through elementary steps (1-4). The decomnposition
roactions of the surface trihydride, dihydride and monohydride species ara considered
to be potentially fast compared to the adsorption reaction of silane. The rate of giobal
reaction (o) is therefore given by the rate of silane adsorption via reaction (1).
Concurrantly, silane adsorption is considered to be potentially fast compared to
hydrogen desorption, i.e. excitation of a covalently bound hydrogen adatam given by
reaction (5) of Table 4.1. The latter step thus proceeads potentially slow compared to
all the other steps of the reaction mechanism. However, it is not truly a rate-
determining step in the classical use of the term (Boudant, 19688), since the steps
feading to hydrogen adatom formation are not equilibrated.

The Kinetic insignificance of the surface trinydride and dihydride species in the range
of experimental conditions considared is congistent with the stabilities of these species
measured recently by combining SSIMS and TPD (Greenlief &t al, 1989; Gates et al.,
1990a; Jasinski and Gates, 1991). Trihydride appearad to be the least stable and
decomposad at temperatures beneath roughly 650 K. A region of intermediate
ternperature spanned from 650 to 750 K invalving dihydride decomposition. The
menohydride species ware the most stable and decomposed at temperatures above
roughly 750 K, This high monohydride stability seams in contradiction with the kinetic
ingignificance of these surface species invoked by the above treated mechanism.
Howevar, it is impontant to realize that the above mertioned experimental techniques
are not able to distinguish betwesn hydrogen desorption from silicon adatoms and
hydrogen desorption from silicon surface atoms as a result of complete experimental
resemblance between SiH* and H” (Gates et al, 1990¢).
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4.3 Kinetic parameter determination

4.3.1 Experimental

Most of the experiments used during the kinetic modelling covered the differential
operating regime determined in paragraph 3.4.1. The corrasponding range of

exparimental conditions is shown in Table 4.3,

Table 4.3: Range of experimental conditions
where gas phase reactions can be neglected.

By 25 - 50 Pa

T 863 - 963 K
V/Fg,0 22 - 91 m* s mol”’
X, 0.4 - 64 %
H/SiH,|,  0-2 .

SiH /Ar|, 0.7-9 i

As shown in paragraph 3.4.2, the contribution of gas phase reactions to the deposition
can be neglected in the above range of experimental conditions. Silane, hydrogen and
argon consequently form the only abundant gas phase components. In paragraph
2.4.1 it was shown that silicon deposition from silane is not accompanied with
gas/salid mass transfer resistances. Hence, the gas phase composition governing the
deposition rate is identical to the gas phase composition measured at the outlet of the
reactor. Due to the low pumping efficiency for hydrogen, the outlet molar flow rate of
this component was not measured quantitatively, see paragraph 2.2. Instead, the
hydrogen outlet molar flow rate can be calculated from a simple hydrogen mass
balance according to:

Fy

Y FHE,{} * E(FSJ‘HA_Q - ',:.‘i‘rHa) (4.4)

with F,, and F; the molar flow rates of component i at the inlet and outlet of the
reactor. The actual gas phase composition inside the reactor is then calculated from:

I R (4.5)

I
Fsmd + FH2 +Fy

with C, the concentration of component | and C the tolal gas phase concentration,
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4.32.2 Model equations

The modslling equations are derived on the basis of a Langmuir surface, satisfying
the following assumptions:
1] Adsorption is confined to one monolayer
2] Each adspecies is localized on an active site
3] The surface is uniform in the sense that all active sites are thermodynamically
and kinetically identical
4] The thermodynamic and kinetic properties of adspecies are not influenced by
the surface coverage, i.e. repulsive interactions from neighbouring adspecies
are not taken into account.
As noted in paragraph 4.2, hydrogen adatoms form the only kinetically significant
surface species at the experimental conditions applied. Staring from the mechanism
shown in Table 4.1 with global reaction (c) and elementary reactions (5) and (6) as
kinetically significant reactions, the steady state mass balance for hydrogen adatoms
becomes:

2

L,
4k C T ~Rsby, kLol KL Lot K CHE £, =0 (4.6)

ity
¢

Here, L, is the surface conceniration of component | and L, the total surface
concéntration of active sites available for adsorption or reaction. The first term at the
left-hand side represents the rate of hydrogen adatom production via global reaction
{o), which is equal to four times the rate of silane adsorption via reaction (1). Each
silana molecule converted to solid silicon preduces four hydrogen adatoms, see global
reaction (o). Silane adsorption is congidered to proceed on nearest neighbour vacant
surface sites. The rate of adsorption is therefore proportional to the concentration of
pairs of adjacent vacant surface sites, i.e. 10 the concentration of dual adsorption sites.
If the arrangement of vacant surface sites is such that each is surrounded by z
equidistant sites, the concentration of dual adsorption gites is then one-half the product
of the concentration of vacant surface sites, L., and the average number of adjacent
vacant surface sites, z@. or zL.L," (Hougen and Watson, 1947). The factor of one half
results from the fact that, in the summation represented by the product of the
concentration of vacant surface sites and fraction of vacam surface sites, each pair
of vacant surface sites is counted twice. Substituting 6.= L.L," results in an adsorption
rate that is proportional to L, and not to L® as it might appear prima facie. This is in
line with the results of a more sophisticated treatment of a dual-site adsorption
mechanism by Boudart and Djéga-Mariadassou (1984). In the present work the factor
of %z, denoting the number of kinetically equivalent adsorption possibilities, is
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accounted for through reaction rate coefficient k,. The four terms left at the left-hand
side represent the hydrogen adatom formation and disappearance rates corresponding
to the elementary steps of reactions (5) and (8) and written in a straightforward way
following the law of mass action.

An additional expression relating the concentration of hydrogen adatoms with that of
vacant surface sites is obtainad by equating the summed congentrations with the total
concentration of active surface sites per square meter, L

Lo=L +L, (4.7)

The concentration of excited hydrogen atoms, L.e, has been omitted from this
aquation, because these species are not bonded to the surface in the usual localized
way. In the present work, L, is taken equal to 1.13 10™ mol m®, corresponding to the
number density of dangling bonds on Si(100), 6.8 10" m™® (Feldman et &/, 1980). It
should be noted that the reaction model makes no assumptions about the details of
the surface structure.

It has been pointed out that desorption of molecular hydrogen via reaction of a
delocalized hydrogen atom with a Ilocalized hydrogen adatom, reaction (8) of Table
4.1, is potentially very fast compared to formation of a delocalized hydrogen atom,
reaction (5) of Table 4.1. An expression for the concentration of delocalized hydrogen
atoms consequently is obtained by applying the steady state approximation {or thig
SpEcies;

Lo = Soim kel (4.8)
kL +kL,,

Substituting this expression into equation (4.6) and assuming that the recombination

of a localized hydrogen adatom with a delocalized hydrogen atom is potentially very

fast compared to the interaction of a delocalized hydrogen atom with a vacant surface

site (Sinniah et &/, 1989,1990), i.e.

kol, < kL, (4.9)
finally results in the following mass balance for hydrogen adatoms:

L 2kK,C, LE
Ak Copp == -2k Ly, + w2 = 0
L o

SiH,
! He

(4.10)

In this exprassion, K, is the equilibrium coefficient of molecular hydrogen adsorption,
defined as:
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_ kskg

(4.19)
T Kk

The surface congcentrations of hydrogen adatoms and vacant surface sites are
obtained by golving the set of algebraic equations given by (4.7) and (4.10) with a
modified Newton-Raphson method in the standard NAG-library rauting COSNBF (NAG,
1991). Assuming that each silane molecule reacting at the surface leads to
incarporation of a silicon atom into the growing layer, the silicon growth rate in units
m 8", Ry, can now be calculated by equating the growth rate in units mol m?s’ Grg;,
with the silane adsorption rate and subsequently multiplying with the molar volume of
solid silicon:

L-2 MS‘f

— (4.12)

M.
Ry = Grg—9 = k,C )
! Si

1%'8iH,
50 L

with M, the molar mass of solid silicon, i.e. 28.086 10 kg mol”, and pg, the density
of solid silicon, i.e. 2.33 10° kg m™. The silicon growth rate is of course proportional
to L, as well.

4.3.3 Regression analysis

The model eguations given by (4.7), {4.10) and (4.12) feature details of silane
adsorption and hydrogen desorption only. The rate coefficient corresponding to the
dual-site dissociative adsorption of silane, k, (m® mol” s7), is expressed according to
the transition state theory {Laidler, 1973) in terms of a standard activation entropy,
A*8%,, and a standard activation enthalpy, A"H%,, i.e.:

z kT A*S, AHY 4.13
"‘”57“’”( Ao g7 @

in which k is tha Boltzmann constant, h the Planck constart and z the number of
rearest neighbours of an active surface site, taken equal to 4. The rate coefficient of
the excitation of a hydrogen adatom into a delocalized state, k, (s7), is also expressed
according 1o the transition state theory in terms of a standard activation entropy, A*S°;,
and a standard activation enthalpy, A™H";, i.e.:

kT | 88 AH (4.14)
K, = — ex exp| -
* R p[ A )P AT
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The equilibrium coeffictent corresponding to the dissociative adsorption of molecular
hydrogen, K, (m® mol™), is expressed in Van 't Hoff form in terms of a standard
adsorption entropy, 4,8%,, and a standard adsorption enthalpy, A H°,, i.e.:

A,5% AHy (4.15)

K, =ex exp| -
H P P T

MNota that the standard activation and standard adsorption enthalpies used in the
above equations correspond to the usual definition of standard activation and standard
adsorption energies {Benson, 1968).

In the literature it is genarally agreed that silane adsorption is not or only slightly
activated. Reported activation energies range between 0 and 17 kJ mol" (Gates &f a/,,
1889; Gates and Kulkarni, 1991; Buss ef a/, 1988}. Hence, the standard activation
anthalpy of silane adsorption, A*H,, was kept fixed at zero during the régression. The
remaining kinetic and thermodynamic parameters were determined as outlined by
Froment and Hosten (1981). Maximum likelihcod parameter estimates, b, were
obtained by minimization of the least square criterion applied on the observed and
calculated zilicon growth rates, i.e. by minimizing the residual sum of squares:

S - L 1Ry, - AT = MIN (4.16)

with n the number of observations; Rg; the observed growth rate; ﬁsm the calculated
growth rate. The minimization of 3(b) was performed using a single-response
nonlingar minimization routing (Marquardt, 1963). Model discrimination was based on
statistical testing of the global regression and of the significance of the kinetic and
thermedynamic parameter estimates. The significance of the global regression was
exprassad by means of the ratio of the mean regrassion sum of squares to the mean
residual surm of squares, which is distributed according to F (Draper and Smith, 1966):

(n_p) Z ﬁs,‘i‘
F-ratio = il 4.17)

n E
g E (R, - Hs;_f]e
a1

in which p is the number of parameters. A high value of the F-ratio corresponds to a
high significance of the global regression, i.e. the model equations describe the
experimental growth rates satisfactorily. The parameter estimates were tested for
significance by means of their approximale individual t-values, which are defined as
the ratio of the parameter astimate b, and the estimated standard error of the
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parameter estimate s(b):

= — (4.18)

The approximate individual t-values were used to determine the (1-c) confidence
intervals according to:

b, - t{n-p,1-050)s(b)<p b +tn-p,1-0.5c)sb) (4.19)

with {n-p) dencting the number of degrees of freedom. A parameter estimate is
different from zere with a probability of 95% when its tvalue exceeds the
corresponding tabulated value. The tabulated t-value comasponding to a probability
lavel of 95% and 100 degrees of freedom amounts to 2.0,

In order to facilitate the simultanecus estimation of the standard activation entropy and
enthalpy corresponding to k., and the standard adsorption entropy and enthalpy
corrasponding to K, raparameterization was applied (Kittrell, 1970):

20 A‘HD ’ ,HG
k = 5T axp &5 A BXp R (4.20)
A R~ AT, RIT T,
A8 AHS AHE 1 42
K, =ex 2 - _ 8" laxp| -2 e (4.21)
g p( R BRI TTRITTT

with T, the average temperature of the experiments, in this work 915.5 &,

In total, the silicon growth rates from 160 experiments, covering the range of
experimental conditions surmmarized in Table 4.3, were used as responses during the
regression. The gas phase concentrations of silane and hydrogen, needed 1o solve the
set of model equations, were obtaingd from the measured flow ratas according to
equations (4.4) and (4.5).

The final kinetic and thermodynamic parameter estimates with their corresponding
95%-confidence intervals are shown in Table 4.4, The F-value of the regression
amounted to 3200. The t-values of the parameter estimatés ranged between 15 and
750, indicating the statistical significance of these estimates. The largest value for the
binary correlation coefficient between two parameter estimates occurred for the
standard activation entropy of silane adsorption and the reparameterized standard
entropy change of hydrogen adsorption and amounted to 0.90. Figure 4.2 shows a
parity diagram of the calculated versus the observed growth rates. The absence of
systernatic deviations reflects the adequacy of the model equations used. The
calculated and abserved growth rates usually deviated by less than 15%.
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Table 4.4: Kinetic and thermaodynamic parameter
estimates with their approximate individual 85%-
contidence intervals obtained from a regression
analysis of 150 experiments in the range of
experimental condifions listed in Table 4.3. The
model equations (4.7), (4.10) and (4.12), which
are based on the reaction network shown in Table
4.1, were applied during the simulations. Standard
stata: 1 mol m* and 8= 0.5.

Parameter Estimate with 35%-
confidence interval

A*8° 7 J mol' K -17243
A*HY, 7 kJ mol” 0
A8 J molt KT 3316
A'H®, / kt mal’! 18614
AS8% 7 J mol' K -336+55
AH 7 kJ mol” -369+50
" fixed i

4.4 Assessment of parameter estimates

Examination of the individuafl kinetic and thermodynamic parameter estimates as given
in Table 4.4 can provide insight into the validity of the proposed reaction model of
Table 4.1.

The small 95%-confidence interval of the estimated standard activation entropy of
silane adsorption, A*S°,, arises from keeping the value of the standard activation
enthalpy of silane adsorption fixed during the regression. An upper limit for the
standard activation entropy loss can be ealeulated by assuming that the transition state
possesses nether translational nor external rotational degrees of freedom. On the
basis of statistical thermodynamics (McClelland, 1973) a value of 239 J mol' K™ can
be caleulated for the summed contributions of translational and external rotational
entropy of silane in the gas phase at one atmosphere and 900 K. Transforrnation of
the estimated value of Table 4.4 from standard states of 1 mol m™ to standard states
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of 1 atmosphere, yields a value of -150 J mol” K''. The entropy loss is indeed smaller
than 239 J mol” K. Ancther way to assess the physical meaning of the estimated
standard activation entropy involves calculation of the initial sticking probability, s,. For
the present situation, the sticking prebability at & given value of surface coverage, s,
is given by:

LE
lk1 CS‘[H4 T
5= ' (4.22)
1| 8RT
~ =0 e
4 nMs.m i

with Mg, denoting the molar mass of silane, i.e. 32.118 10° kg moi". Following
Tompkins treatment of dissociative adsorption involving pairs of adjacent vacant
surface sites (Tompkins, 1978), the sticking probabilty at given hydrogen surface
coverage can be related to the initial sticking probability according to:

8 = 5,(1-9,.) (4.23)

Substituting this expression into equation (4.22) and using L.L,'=0. and (1-8,,.)=6. gives
for the initial sticking probability:

k’"i Ll
& =
1| 8ART (4.24)
4N "My,

Substituting equation (4.13) together with the estimates listad in Table 4.4 into
equation (4.24) yields an initial sticking probability equal to 2.3 10° at 900 K. It is
important to realize that the same value applies to the reaction probability at zero
coverage, Y. The reaction probability at a given value of surface coverage is defined
as the ratio of the net rate of silicon growth divided by the rate of collision with the
surface (Buss et al,, 1988; Gates and Kulkami, 1991). Because desorption of surface
dihydride and monohydride species does not occur, the net rate of silican growth is
gqual to the net raté of adsorption, see equation (4.12), and the values of reaction and
sticking probability consequently coincide. Literature values for initial sticking and
reaction probabilities range between 1 10° and 1 10™ (Buss et al., 1988, Scott et al.,
1989; Gates &f &/, 1990b,c; Holleman and Verwetj, 1993). The calculated value of 2.3
10 is in good agreement with the values found by Buss of al. (1988), 1 10® and
Holleman and Verweij (1993), 8 10™
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Figure 4.2: Calculated versus experimentally
observed siicon growth rates in the range of
experimental conditions summarized in Table 4.3,
Calculated growth rates weare obtained from
equation (4,12) after solving equations (4.7) and
{4.10) with the set of parameters given in Table 4.4.

For the excitation of a hydrogen adatom into a delocalized state, Arrhenius parameters
equal to A;= 9.6 10" 5™ and E, .= 194 kJ mol” are obtained by combining equation
{4.14) with the corresponding estimated values of the standard activation entropy and
enthalpy at 800 K. These values are in good agreement with the results of Sinniah et
al. (1990}, who experimentally obtained a pre-exponential factor equal to 2.2 10" 5™
and an apparent activation energy of 188 kJ mol' for hydrogen desorption from
Si(100).

Within its 95%-confidence interval, the estimated standard reaction enthalpy of
dissociative hydrogen adsorption, AﬂH“H, is in good agreement with the standard
enthalpy change estimated according ta D*(H-H)-2D°(Si-H), i.e. -314 kJ mal™. It should
be kept in mind that the latter value represents an upper limit as it is based on an
upper limit for the Si-H bond strength equal to 376 kJ mol”’ (Walsh et af,, 1981).
Following Everett's treatment (Everstt, 1950a) the standard entropy change of
Langmuir adsorption is given by:

AS = 8 -8, (4.25)
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where S':‘g is the entropy in the gas phase taken at one atmosphere and 8%, is the
entropy in the adsorbed state at a degree of coverage of half a menolayer. It should
be notad that at half monolayer coverage the configurational entropy of localized
adsorption vanishes. Vannice ef a/. (1979) showed that values obtained for A S° must
conform to certain rules and guidelings in order to have any physical meaning and
thereby support the proposed reaction model. Thase rules and guidelines, originally
postulated by Boudart &t af. (1967), can be summarized as follows:

0<-4,58< 8, (4.26)

42 < -A,5° < 51 -0.0014 A H® (4.27)

The lower limit of equation (4.26) follows directly from the necessary loss of entropy
when a molecule is transterred without dissociation from a three-dimensional to a two-
dimensional phase, The upper limit expresses the fact that a molecule canngt loose
more entropy than it possesses. The lower limit of equation (4.27) follows by
calculating the entropy change which occurs when a gas condenses to a liquid at the
critical state. The equality sign in this equation corresponds to physical adsorption of
a wide variety of compounds on charcoal in less than a monolayer at 298 K (Everett,
1950b). Transformation of the estimated standard reaction entropy of dissociative
hydrogen adsorption from standard states of 1 mol m™® to standard states of 1
atmosphere, yields a value of -314 J mol™ K. Thig value fulfils the strict rule reflected
by the lower limit of equation (4.26) as well as the less stringent guidelines
representad by equation (4.27). Howaver, the strict rule reflected by the upper limit of
equatian (4.26) is not satisfied. Using statistical thermodynamics {(McClalland, 1973},
a value of 163 J mol™ K is caleulated for the entropy of melecular hydrogen in the
gas phase at one atmosphere and 900 K, which is significantly below 314 4 mol’ K.

4.5 Conclusions

The reaction kinetics of the deposition of polycrystallineg silicon from silane in the
absence of gas phase reactions can be adequately described using a six-step
elementary reaction mechanism. The only kinstically significant reactions involve dual-
site dissociative adsorption of silane and first order recombinative desorption of
hydrogen, which is considered to take piace in two steps following the band mode! of
Sinniah et al (1989,1990). The involved kingtic and thermodynamic parameter
estimates exhibit good statistical significance. In addition, both the standard activation
entropy of gilane adsorption and the standard activation entropy and enthalpy
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associated with the excitation of a hydrogen adatom into a delocalized state were
found to be physically reagonable as well. Examination of the equilibrium coefficient
of hydrogen adsarption, however, showed that the change in standard entropy is much
too large in absolute senge, despite the physically meaningful value found for the
corresponding change in standard enthalpy.
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KINETICS IN THE PRESENCE OF
GAS PHASE REACTIONS

&.1 Introduction

The deposition of silicon from silane at conditions where gas phase reactions play an
impantant role too has been investigated by several groups (Coltrin et al, 1984,
1086,198%; Breiland et al,, 1986a,b; Becerrg and Walsh, 1992; Ring and O'Neal, 1992;
Holleman and Verweij, 1993). Modelling work of Coltrin et afl. (1984,1986,1989) in
combination with experimental research by Breiland et al. (1986a,b) demonstrated that
under atmospheric pressure conditiong silicon growth may be almost completely
determined by reactive intermediates formed in the gas phase and that a full treatment
of the gas phase Kinetics can involve as much asz 20 different reactive intermediates
and the same number of gas phase reactions. H,SiSiH,, 5i,H, and Si, were showr to
he the most important gas phase species with respect to silicon deposition in the
temperature range from 900 to 1300 K. Recently, a lot of effort has been put in the
modelling of the product-time evolution curves of H,, Si,H.. Si,H,, solid silicon and
incorporated molecular hydrogen obtained by Purmell and Walsh {1966) via silane
pyrolysig batch experiments in the pressure and temperaturé ranges of 51 10 205 Pa
and 652 to 703 K. Becerra and Walsh {1892) used a mechanism involving 15 gas
phase elementary steps together with five altemnative silicon deposition processes.
Althaugh the observed kinetic behaviour could be simulated quite well for three of
these depuosition processes, the values of the adjusted kinetic parameters featuring in
these deposition processes were not physically reasonable. Ring and O'Neal (1992)



modelled the above data using an even more complex mechanism including 25
elermentary gas phase steps together with three termination mechanisms, one of which
involving tarmination by gas phase polymerization. Hollerman and Verweij (1993)
reported on a comprehensive kinetic study of silicon deposition from silane in a
conventional hot-wall multiwafer LPGVD reactor in the total pressure range from 10
to 1000 Pa at 900 K. By varying the amount of wafer area per unit volume and the
silane partial pressure ag well as the total pressure, ingights in the relative imponance
of gas phase reactions were gained. In order to adequately describe the silicon growth
in the region where gas phase reactions were important, gas phase production and
subsequent surface decompesition of SiH,, Si,H, and Si,H, were accounted for.
The present work reports on the development of a kinetic modal valid over a wide
range of experimental conditions including the range where the contribution ol gas
phase reactions needs to be taken into account. The kinetic model consists of four
elementary gas phase reactions coupled 1o teén elementary reactions taking place on
the silicon surface. The gas phase reaction network is constructed as a closed
subsystem among species that are thermodynamically favoured, and consists of
reactions that are unimolecular in at least one direction. In order to describe the
effects of pressure adequately, the fall-off behaviour of each of the unimolecular rate
coefficients is quantified using the Rice-Ramsperger-Kassel-Marcus (RRKM) theory
{Robinsan and Holbrook, 1972}, The surface reaction network is based on the six-step
elementary reaction mechanism proposed in Chapter 4 for the deposition of silicon
from silane, supplermentad with elementary adsorption reactions for the silicon
containing species formed through the gas phase reaclions,

For the simulation of the experimental data the reactor model equations presented in
Chapter 2 are used, which take into account the gas/solid mass transfer resistances
for the reactive gas phase spaécies. The kinetic and thermodynamic parameters of the
most sensitive reactions are estimated using a mufti-response nonlinear minimization
algorithm (Marquardt, 1963; Froment and Hosten, 1981). Initial values are taken from
the RRKM calculations and the results presented in Chapter 4. Discrimination among
rival models is based on statistical testing, whenever it is not possible by direct
process observation or physico-chemical laws. The purpose of the kinetic modet is to
provide a statistically sound and a physically reasonable description of the
experirmental data.

The developed kinetic model provides insights in the relative importance of the gas
phase reactions in the silicon deposition process. It can alse be used to predict the
influence of various process variablas on the performance of an industrial hot-wall
multiwafer LPCVD reactor as will be shown in Chapter 6.
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5.2 Construction of reaction network
5.2.1 Thermodynamic evaluation of gas phase composition

The equilibrium calculations presented here refer to isothermic and isobaric conditions,
and were conducted with SAGE (Solgasmix-based Advanced Gibbs-Energy
Minimizer), a computer program originally developed by Eriksson {(1975) and hased
oh minimization of the total Gibbs energy, see Appendix 5A,

The following set of silicon containing gas phase species was considered: Si, SiH,
SiH,, SiH,, SiH,, 5, SiH,, SiH,, H.8iSiH,, H,Si5iH, SiH,, SiH,, Si;, and SiH,. This
selection is primarily based on the species present in the reaction network proposed
by Coltrin et al. (1984,1986,1989) for atmospheric pressure conditions and a
ternperature range from 850 to 1450 K. To meeat the conditions of low pressure
chemical vapor deposition of polyerystalline silicon, pure silane was used at total
pressures between 10 and 1000 Pa and temperatures between 600 and 1200 K. The
thermodynamic data for the gaseous spacies were taken from Coltrin ef al. (1986),
who fitted the temperature dependence of the data cbtained by Ho et al. (1985,1986)
from ab initio elactronic structure calculations. In a later paper Coltrin et &/, (1989)
included some corrections attributed to the standard formation enthalpy of several
species. The thermedynarmic data for solid silicon were taken from Barin and Knacke
{1974).

Two extreme situations were considered, i.e., homogeneous and heterogenscus
equilibrium_ In case of homogeneous equilibrium the formation of solid silicon is
omitted. The gas phase is equilibrated internally and the supersaturation is maximal,
Clearly, gas phase reactions have a major impact on the final equilibrium composition,
In the heterogeneous equilibrium situation, the formation of solid silicon is taken into
account and equilibrium is established between gas phase and solid silicon. Only
temperature and pressure effect the gas phase composition. The supersaturation of
the gas phase is essentially zero.

Homogeneaus equilibrium

Figure 5.1a shows the variation of the gas phase composition as a function of
temperature at 100 Pa total pressure. Silane parly reacts to digilane, trisilane and
hydrogen already at temperatures as low as 600 K. Above 750 K silane starts to
axhibit greater thermodynamic instability and reacts mainly to H, and Si,. Concurrently,
the molar fractiong of disilane and trisilane sharply decrease. At 900 K a ratio betwean
monosilane, disilane, and trisilane of 10%:10%1 is observed, which is also reported by
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van den Brekel and Bollen {(1981) for typical LPCVD experiments, The temperature
regime above 800 K is best characterized by the global reaction:

38H, = Si, + 6H, {5.1)

mechanistically taking pltace through a number of elementary reactions. The forrmation
of 5iy, the largest silicon cluster considered, is a direct sign of the onset of gas phase
particle nucleation. It should be noted that a larger silicon cluster like 5i, or Sig, if
included, would replace Si, as most abundant silicon containing species. Lack of
structural and thermodynamic data, however, makes inclusion of such larger cluster
impossible.

Recently, Tac and Hunt (1992) performed thermodynamic calculations for the
homogeneous equilibrium situation for typical CVD c¢onditions, The gas phase
composition calcuiated by these authors for 100 Pa and pure silane feed as a function
of temperature shows good agreement with the results presented here, Gardeniers
(1880) performed thermodynamic calculations for atmosphetic pressure and a feed
composition of 1% SiH, in H,. A detailed comparison with this work is difficult due to
the reduced pressure and pure silane feed used in the present study, Nevenheless,
comparison shows that already at low temperatures the pure silane feed gives rise to
the onset of gas phase reactions, shifting the curves of the silicon containing gas
phase species, especially those of the saturated ones, to higher molar fractions and
lower temperatures.

Figure 5.1b shows the variation of the gas phase composition as a function of total
pressure at 900 K. Qver the total range of pressures considerad, the global reaction
given by equation {5.1) remains valid. Concurrently with a slight decrease in the molar
fractions of H, and Si,, an increase in the molar fraction of SiH, takes place, which is
in accordance with La Chatelier's principle, i.e. the equilibrium of reaction (5.1) will
shift to the left with increasing total pressure.

Heterogensous equilibrium

In case formation of solid silicon is not omitted, the existence of silicon containing gas
phase species becomes physically irrelevant. The molar fractions are about ten
decades lower compared to thase prevailing in the homogeneous equilibrium situation.
This provides direct evidence for the thermodynamic instabifity of the silicon containing
gas phase species with respect to elemental silicon at the temperatures under
consideration.
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Figure 5.1: Calculated gas phase composition in the homogeneous equilibriurm
situation: a) molar fractions versus temperature, p= 100 Pa, pure silane feed; b) moiar
fractions versus total pressure, T= 900 K, pure silane feed. Gas phase species: a
8iH,, + 8iH,, » 8i, 0 Si.H,, v H,Si5iH, ® Si.H, ¢ 5i, + Si;H,; O Si; andm H,

5.2.2 Gas phase reactions

The thermodynamic analysis pardformed in the preceding paragraph is useful in
identifying the gas phase species required in the gas phase reaction network, In the
range of experimental conditions covered during the kinstic expetiments, i.e.
temperatures between 862 and 962 K and total pressures between 25 and 100 Pa,
totally 7 gas phase species have a molar fraction larger than 1 10°, i.e. SiH,, SiH,,
H:SiSiH,, Si,H,, Si;H., Si, and H,, see Figure 5.1. The lower limit of 1 10 reflects a
minimum contribution to the silicon deposition rate of 1% compared to that of silane,
assuming unit reaction probabilitios for the homogeneously formed silicon containing
species and a value of 2 10° for silane, see Chapter 4,

Although Siy is an important species from a thermodynamic viewpoint, its formation
rate is very slow and hence its kingtic significance can be neglected. In addition, the
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absence of trisilane and other Si;H, species in the reaction mixture, see paragraph
3.5.2, provides direct evidence for the insignificance of chemical routes towards these
species at the experimental conditions applied. Although SiH, is not important in a
thermodynamic sense, it plays a kay role in the overall gas phase chemistry, It is
formed in the initial silane decomposition reaction (Pumell and Walsh, 1966; White of
al., 1985) and easily inserts inte silane to form disilane {inoue and Suzuki, 1985,
Jasinski, 1986). Because H,SiSiH, is formed by isormerization of H,SiSiH (Gaspar et
al, 1987; Becerra and Walsh, 1987), one of the products of disilane decomposition
{Dzarnoski ot al., 1982), this species needs to be taken into account as well in order
to form a closed subsystern. The inclusion of Si,H,, which in turn is formed from
H,SiSiH, (Coltrin ef al,, 1989; Burgess and Zachariah, 1990), will not basically change
the growth rate contribution along the homogeneous path as both species are
assumed to have unit reaction probabilities (Coitrin et al., 1986,1989), Hence, Si,H,
is omitted from the gas phase kinetic scheme.

Based on the above considerations the following set of silicon containing species was
considered in the gas phase reaction network: SiH,, SiH,, SiH, H5iSiH and
H.,5iSiH,, the latter twg species being two SiH, isomers called silylsilylene and
disilene. The corresponding elermentary gas phase reactions used to simulate the
kinelic expeariments are given in Table 5.1,

Table 5.1: Elementary reactions
considered in the gas phase (1-4).

SiH, = SiH, + H, (1)
SiH, + SiH, = Si,H, @)
SiH, = H,SISH + M,  (3)
H,SiSiH = H,SiSiH, (4)

it is interesting to note that only silicon hydride species containing an gven number of
hydragen atoms are involved in the gas phase kinetic scheme. The fact that the gas
phase chemistry of silane is merely determined by this kind of species is consistent
with the gas phase reaction networks recently published to describe the silicon
deposition process at similar termperatures and total pressures ranging from 50 Pato
atmospheric pressure (Coltrin et al., 1984,1986,1889; White et a/,, 1985; Breiland ef
al, 1986a.b; Burgess and Zachariah, 1990; Becerra and Walsh, 1992, Ring and
O'Neal, 1992; Klgijn, 1941b; Holleman and Verweij, 1993).
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5.2.3 Surface reactions

The basis for the reaction network used for the description of the silicon growth from
silane and the homogeneously formed gas phase species is given by the elementary
reactiong (5-14) listed in Table 5.2. Besides the adsorption of silane, which was
treated in detail in paragraph 4.2, the adsorption of all silane pyrolysis products is
taken into account, see reactions (6-9),

The interaction of digilane with single-crystalline surfaces is recently as thoroughly
investigated as silane decomposition. Mechanistic UHV studies on Si(111)-(7x7)
{Imbihl of al, 1989; Kulkarni et af., 1990b; Gates, 1988; Uram and Janssen, 1881) and
Si(100)-(2x1) (Gates and Chiang, 1991} report that disilane adsorbs via a molecular
precursor state. Using modulated molecular beam spectroscopy (MMBS) Kulkami et
al. (1990b) observed a surface residence time of ~50 us for digilane as an intact
molecule on Si{111) &t room termperature, and attributed this to a molecular precursor
state on a hydrogenated surface. The residence time decreased with increasing
surface temperature and could not be measured (< 20 ps) above 525 K,

Depending on the crystallographic orientation of the silicon surface used, several
mechanisms for disilane chemisorption have been identified in the literature. Using H,
TPD, Gates (1988) obtained an apparent activation energy of -10.9 kJ mel” in the limit
of zero coverage and proposed an adsorption reaction involving the formation of two
surface trihydride species:

SiH; + 2% — 28iH,» (5.2)

Vibrational spectroscopy (Imbihl ef al, 1989; Uram and Jansson, 1989) provided
additional evidence for the occurrence of this reaction on Si{111)-(7x7) with apparent
activation energies amounting to -7.1 and -7.9 kd mol”. The absence of a deuterium
kinetic isotope effect (DKIE) in the chemisorption of Si,H; and 3i,D, on this surface
{Gates, 1988) is consistent with a mechanism where an 5i-5i bond scigsion reaction
like (5.2) forms the rate-determining step, but argues against a mechanism involving
a Si-H bond breaking reaction as rate-determining step, &.9.:

Si,H, + 2% — SijHg» + H» (5.3)

Kulkarmi st al. (1990a,b) identified three distinct temperature ragions for disilane
adsorption on Si(111)-(7x7) using MMBS. At temperatures below 675 K, a fully
hydrogenated inert surface rosulted from disitane adsorption, and silicon deposition
could be neglected. Batween 675 and 775 K slight sitane evolution was observed. This
was attributed to the decomposition of disilane emitting a silane molecule and
chemisorbing a dihydride species, see reaction (7) of Table 5.2, followed by fast
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dissociation of this so formed surface dihydride species. The apparent activation
energy amounted to ~13 kJ mol”. Al temperatures above 775 K, disilane adsorption
was believed to occur via two competing mechanisms, both producing silane, One
mechanism involved the decomposition into silane and chemisorbed dihydride, see
reaction {7) of Table 5.2, which was predicted to be tha main channel of silicon growth
from disilane at temperatures between 773 and 1173 K. The chemisorbed dihydride
then rapidly reacts to two hydrogen adatoms, that in turn serve as active sites for the
second chemisorpticn mechanism:

SiH, + 2H+ — 28iH, + 2« (5.4)

This process appearad to be more active at H rermoval fram the surface than the usual
way of recombinative hydrogen desorption.

Kulkarni ef al. (1990b) observed an increasing sticking probability, s, with increasing
surface temperature from 0 at room temperature on a Si(111)-(7x7)} surface passivated
with SiH, species to 0.3 at 1125 K. Scott et al. {1989} obtained an initial sticking
probabhility, s, of 0.5£0.1 at room tamperature, decreaging to 0.1 at 573 K. These
valugs are in good agresment with the one found by Imbihl ef al (1989) at room
temperature, 5,=0.3+0.1. Gates (1988) distinguished two regimes for digilane
adsorption on Si{(111) as a function of disilane exposure at room temperature. In the
limit of zero hydrogen coverage a sticking probability of 0.47+0.1 was observed.
Departure from precursor kinetics occurred when roughly 3 10" molecules Si,H, m*
were adsorbed, corresponding to about 2 10" or 20% of a menclayer of H atoms.
After an exposure of roughly 1 10" m™ the sticking probability dropped dramatically,
and continuously decreased with increasing exposure from 1 16" 1o 1 10™ SiH, m™.
This behaviour is consistant with the rasults of Imbihl et al. (1989), who determined
the relative sticking probability, $/s,, as a function of hydrogen surface coverage, 6,
at 300 K, see Figure 5.2. The sharp drop in s/s, at low 8, was attributed to filling of
reactive defect sites.

In the present work disilane adsorption is considared to proceed through reaction (7)
of Table 5.2. This reaction is treated as an slementary reaction, but will undoubtedly
comprise a number of elementary reactions in reality, as evidenced by the MMB3
experiments of Kulkarni af a/. (1990a,b) and the negative apparent activation energies
generally observed (Gates, 1988, Imbihl ef af, 1989; Uram and Jansson, 1989).
The adsorption of silylene, silylsilylene and disilene is taken into account through
reactions (6), (8) and (9) of Table 5.2, all of them producing one or more surface
dihydride species. It is assumed that the adsorption of these reactive gas phase
intermediates takes place without simultaneous evolution of a silicon containing gas
phase species or direct release of molecular hydrogen. Since the subsequent surface
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decomposition reactions are considered to be potentially fast, the type of surface
species formed during each of these adsorption reactions becomes completely
irrelevant,

The elementary reactions involving SiM,” (x= 1,2,3) decomposition, reactions (10-12),
together with those reflecting molecular hydrogen desorption, reactions (13) and (14),
werse already treated in detail in paragraph 4.2.

The global reactions {(o-g), built up from elementary steps and symbolized by the
columns with stoichiometric numbers o, to o,, describe the decomposition of silane,
silylene, disilane, silylsilylene and disilene into solid silicon and hydrogen adatoms. The
decomposition reactions of surface trihydride, dihydride and monchydride specias are
considered to be potentially fast compared to the adsorption reactions of the above
gas phase species. The rates of the global reactions {o-g) are consequently given by
the rates of the corresponding adsorption reactions given by {5-9), as follows from the
stoichiometric numbers. Together with the elementary reactions (13) and (14) these
global reactions take part in the global deposition pathe (cw-eg), symbolized by the
colurnng with stoichiometric numbers o, to o,. In these sequences, the global
reactions (o-g) are now potentially fagt compared to the desorption of hydrogen or
more specifically the excitation of a covalently bound hydrogen adatom given by
reaction {13},

The above way of presenting a complex reaction network was developed by Temkin
(1971) and allows a straightforward calculation of the net production rates of the
components involved in the surface reactions.
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Figure 5.2: Relative sticking probability of Si,H,
versus the hydrogen surface coverage for
Si(111)-(7x7). T,= 300 K (imbihl et al, 1983).
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Table 5.2: Elomentary reactions considersd on the silicon surface (5-14) with
corresponding global adsorption reactions (u-) and global daposition paths (ou-ee).

c, O, G O G,
SiH, « 2% = 8iH.* + K" 1 0 0 0 0 {5)
SiH, + * — SiH,* 0 1 o 0 0 (6)
Si,H, + * — SiH, + SiH,* o 0 1 0 0 (7)
H,Si8iH + 2* — 28iH,* 0 0] 0 1 0 (8)
H,SiSiH, + 2* — 28iH,* O 0 0 0 1 (9)
SiH;* + * — SiH,* + H" 1 0 0 0 0 (10)
SiH," + * - SiH* + H* 1 1 1 2 2 {11)
SiH* — Sils) + H" 1 1 1 2 2 (12)
e mwmm e G, Oy O O O,
SiH, + 4" — 3i(s) + 4H" 1 #] 4] 0 0 {cx)
SiH, + 2* — Si(s) + 2H* 0 1 o 0 0 (B
Si,H, + 2 — Si{s) + 2H" + SiH, 0 0 1 0 0 ]
H,SISiH + 4* - 2Si(s) + 4H" o o 0 1 0 (8)
H,SiSiH, + 4" — 28i(s) + 4H" o 0 0o o0 1 {e)
H* = H® + * 2 1 1 2 2 (13)
H* + HE a H, + 2 1 1 2 2 (14)
+ e
SiH, — Si(s) + 2H, {tnx)
SiH, — Si(s) + H, (B
Si,Hs — Si(s) + H, + 5iH, {vy)
H,SiSH — 25i(s) + 2H, (55)

H,SiSiH, — 25is) + 2H, {¥£)
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5.3 Unimolecular gas phase kinetics

The decline or fall-off in the unimolecular reaction rate coefficients with decreasing
pressure is an important phenomenon in GVD chamistry at iow or moderate pressures
(Jensen, 1987; Hitchman and Jensen, 1983). The present paragraph focusses on the
fall-off behaviour of the unimolecular dissociation reactions listed in Table 5.1,
supplemented with two unimolecular dissociation reactions of trisilane.

5.3.1 Pressure fall-off
According to the classical Lindemann theory, a unimalecular reaction, A — Products,

comprises three steps, i.e., collisional activation, collisional deactivation and
unimolecular dissociation or isomerization:

k
AsMSA +M (5.5)
ka
A+ M=A+M (5.6)
%3
A" — Products (5.7)

with M denoting a collision partner for species A, commeonly referred to as bath gas.
Application of the steady-state approximation to the energized molecules A’ yields the
following expression for the reaction rate:

r=kK

unt CA (58)
with:

k k'l C3|'|.‘l'

SR L (59)
1+k, C,/k,
In the high-pressure limit, i.&, when k.G »>k,, k , is independent of total pressure:

_kik (5.10)

with k_ the high pressure rate coefficient independent of total prassure. The
unimolecular reaction is first order in A. In the low-pressure limit, i.e. when K,Cy<=<k;,
K, 1% proportional to the total prassure:
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kur}r' = k;‘.} = k‘l CSM (5'11)

Hence, the total reaction order of the unimolecular reaction is now two. Although the
Lindermann theory correctly predicts a transition from first order to second order as the
pressure is lowered, it fails when more detailed quantitative aspects of these reactions
are investigated.

Among the varicus unimalecular reaction rate thecries elaborated since Lindemann's
theory, the Rice-Ramsperger-Kassel-Marcus (RRKM) theory is accepted to be the
maost accurate practical treatment of unimolecular reactions. The main development
in comparison with the simple Lindemann theory consists in taking info account the
distribution of the reaction rate coefficients k, and k, as a function of the anargy
content of the molecules, as will be shown in the next paragraph.

5.3.2 The Rice-Ramsperger-Kassel-Marcus theory

The nomenclature used in this section is consistent with that of Robinson and
Haolbrook (1972). Only the essential features of the RRKM (Rice-Ramsperger-Kassel-
Marcus) theory are presented here. A complete development of the theory is given in
the above reference.

According to the RRKM theory, the reaction scherme for a unimolecular reaction
comptises the following steps:

Bhye o ")

A+M = A(.E'_a.E'-.SE') + M (5.12)

g

ka(E') k
Agy — A’ — Products (5.13)

The first step involves energization of the molecules A into the small energy range E
to E'+8E". During the second step energized molecules with a specific energy E are
converted to activated complexes A*, that finally decompose into products.

A potential energy diagram illustrating the terminolegy used is shown in Figure 5.3. An
energized molecule, A, contains in its active degrees of freedom a non-fixed energy
E' greater than the critical or threshold energy E, below which classical reaction
cannot occur. The critical energy E; is defined as the difference between the ground-
state energies of A' and A. The non-fixed energy E is the energy content of the
energized molecule that is not fixed by any basic principle and is considered to be free
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to move around the mole¢ule. It comprises both vibrational and rotational non-fixed
energy, denoted E,” and E,, the sum of these being E or E,. The total non-fixed
energy of the activated complex, E*, contains both vibrational and rotational non-fixed
energy, denoted E,* and E*, the sum of these being E,*. The energy associated with
the translation of the activated complex along the reaction coordinate is denoted x.

Erergy level of energized molegule

®

E,'"T l_
[h

F x frd

e

- <

E*

Eo

Figure 5.3: Potential energy diagram
of a unimolecular reaction; adiabalic
and inactive daegrees of freedom are
not included (Robinson and Holbrook,
1872}

The fundamental RRKM expression for the unimolecular reaction rate coefficient is
{Reobinson and Holbrook, 1972):

+

E

. ¥ PE, ~E/KT) dE*
o L FOeREKT) T e (.} expl ) (5.14)
T+k (E,~E")IFk,C,,

uni [YeXe)

E”o0

with:

PE,) (5.15)
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Q. is the ordinary molecular partition function for all active modes of the reactant A,
compriging usually all the vibrations and internal rotations of the molecule. Q," and Q,
are the partition functions for the adiabatic rotations in the activated complex and the
reactant molecule. N'(E,+E") is the density of quantum states or the number of
quantum states per unit range of energy at energies clogse 1o E. P(E_ ") is the number
of vibrational-rotational quanturn states of the activated complex A' with vibrationai-
rotational non-fixed energy equal to E,,'. The summalion in equations (5.14) and (5,15)
rung over all possible distributions of E* between E ' and x, from E_'= 0 (in which
case all the non-fixed energy is tranglational enérgy along the reaction coordinate), up
to the maximum possible value of E,' below E* (in which case the minimum possible
energy along the reaction coordinate prevails). LP(E ') is thus the total number of
vibrational-rotaticnal quantum states of the activated complex with energies less than
or equal to E. The straightforward formulation of k (E,+E") refers basically to the rate
of reaction by a single reaction path from energized malecule with non-fixed energy
E= E,+E* to activated complex. Inclusion of the statistical factor or reaction path
degeneracy L” accounts for the kinetically equivalent reaction paths. By integrating
from E"= 0 to « and summing for each value of E* the contributions from the different
possible divisions of the energy E™ between E' and x, all possible activated
complexes are considered.

The de-energization rate coefficient k, is considered to be independent of energy and
is often equated to the collision facter £, The basic RRKM theory treats activation and
deactivation as single-step processes rather than fadder-climbing processes in which
molecules acquire or loose their energy in a series of small steps. The strong-cofiision
assumption is adequate for thermal reactions in the temperature range of conventional
kinetic studies unless very grmall molecules are involved.

The factor F in the denominator of equation (5.14) corrects for the contribution of
adiabatic rotations to the non-fixed energy in the transition state. When the moments
of inertia of the activated complex are significantly larger than those of the energized
molecule, the adiabatic rotations release energy into the other active degrees of
freedom of the molecule, thereby increasing the number of available quantum states
of the activated complex and hence increasing the specific reaction rate coefficient k,.
Among the various éxpressions found in literature for the evaluation of the factor F,
the one postulated by Waage and Rabinovitch (1970a,b) is considered most accurate:

1
Folyo(STD<8ES (5.16)
E T a(E)E

s

with a(E) is the Whitten-Rabinovitch's correction factor (Whitten and Rabinovitch,
1963) calculated at the critical energy; E, the zero-point energy of the molecular
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vibrations; s the number of active vibrational degrees of freedom, which should be
replaced by s+i/2 if thare are in addition r active rotational degrees of freedom; <AE >
the average rotational energy of the energized molecules.

The_high-pressurs limit

In the high-pressure limit k; equals the genuine pressure-independent first-order rate
coefficient k. By letting C,— = and raversing the order of summation and integration
in equation (5.14) the following expression for k_ is obtained:

k. = lm k,, = LQr kTexp(-E,/kT) ¥ [P(E,’) exp(E, Tk T)]
CM—m hQ DQ E,. =0
i (517
kT OV Q;
=["_" -E /k
reXo) exp(-E/kT)

in which the contribution of the adiabatic rotations amounts to a factor of Q,/Q,.
Excopt for the transmission coefficient this rasult is identical with that chtained from
the absolute rate theory for a unimelecular reaction (Laidler, 1973). This is reasonable
in view of the similarity of the treatments involved. The absolute rate theory assurnes
equilibrium between activated complexes and reactant molecules, Although the RRKM
theory admits equilibriurn between activated complexes and energized molecules, both
theories coincide since at high pressures the energized and reactant molecules are
in eaquilibrium as well.

The low-pressure limit

In the limit of very low pressure the first-arder rate coefficient from equation (5.14) is
proportional to the pressure. The resulting bimolecular rate coefficient k,,;, is then given
by

FQ k 7
K = lim 2= D0 2 NC(E) exp(-EVKT) IE”
CM—-D M Q‘ OE E'-ED
(5.18)
_FO; kO
Q @

in which Q, is the partition function for the energized molecules using the ground state
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of A for the zero of energy. The factor FQ,*/Q, accounts for the contribution of the
adiabatic rotations. Besides this factor the reaction rate is simply the rate of
energization, which indicates that at sufficiently low pressures all energized molecules
react,

5.3.3 Unimolecular reaction rate coefficients

RBKM calculations were performed for the set of reactions listed in Table 5.3 using
a public domain computer program available from QCPE (Quantum Chemistry
Program Exchange) (Mase and Bunker, 1973), which was modified to compute
k.(T.p) and k(E)} according to equations (5.14) and (5.15). Consistent sets of
frequencies, molecular properties and other important RRKM parameters were taken
from literature and are tabulated in Appendix 5B. The collision diameter and reduced
mass were taken with respect to silane as bath gas. Overall rotations were assumed
to be adiabatic, while all vibrations and internal rotations were considered active. The
processes of activation and deactivation were treated as essentially single-step
processes, underlying the strong-collision assumption. No correction was made for
anharmonicity, The sum of states for the activated complex, ¥(P,,'), was determined
by direct count (Rabinovitch and Setser, 1964), whereas the density of states for the
molecule, N'(E), was evaluated by means of the Whitten-Rabinovitch semiclassical
method (Whitten and Rabinovitch, 1963; Whitten and Rabinovitch, 1964) in most
cases. It should be noted that caleulations performed with the program UNIMOL
(Gilbert et al,, 1993) produced similar results,

Transgition pressures

An important fall-off characteristic is the transition pressure p, ., which correspends to
the pressure at which k. /k. equals 0.5. Table 5.3 lists the p,,-values obtained by
interpolating the RRKM based fall-off data for the unimolecular reactions considered.
in general, the transition pressure is related to both the number and the frequancies
of the internal degrees of freedorm of the reactant molecule. Due to the greater number
of low-frequency internal degrees of freedom, the disilane and trisilane decomposition
reactions possess lower transition pressures than the decomposition reaction of silane.
The transition pressure for the isomerization reaction of silylsilylene is not very
accurate. A complicating factor in the calculation of the fall-off data of this reaction is
the small critical energy in comparison to the zero-point energies of both the reactant
and the transition state. The small critical energy makes replacement of the essentially
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stepwise increase in tha number of energy levels of the reactant by a continuous
distribution furiction inadequate, Moreover, in case E/KT is less than 10 the RRKM
based equilibrium hypothesis concerning the concentrations of energized molecules
and activated complexes starts to break down as well (Robinson and Holbrook, 1972).
The p,,-values in Table 5.3 indicate that none of the unimolecular reactions is in its
high-pressure limit in the pressure range covered during the kinetic experiments.

Table 5.3: Transition pressures. T= 900 K and
silane as bath gas.

reaction P/ 100 kPa
SiH, — SiH, + H, 3.77
H,SiSiH — H,8iSiH, 99.6
Si;Hg -+ SiH, + SiH, 0.73
8i,Hg — H,S8iSiH + H, 0.70
SiyH; — 8iHg + SiH, 0.019
Si;Hy — H5iSiH + SiH, 0.019

Empirical fall-off relations

In order to describe the effects of total pressure adequately, pressure fall-off effects
need o be accounted for during the simulation of the kinetic experiments, 1t is
important to realize that both the pre-exponential factor and the Arrheniug activation
enargy change as a function of pressure. In the low pressure limit the pressure
dependence of the unimolecular reaction rate coefficient is confined to the pre-
exponential factor only, Changing pressure in the region close to the high-pressure
lirmit can result in a substantial change in the Arrhenius activation energy as well. As
noted earlier, in the low pressure limit all energized molecules react and ¢aollisional de-
energization is of no significance. However, with increasing pressure competition
between reaction and collisional de-energization starts to occur. Energized moleculas
with energies near the critical engrgy have relatively long lifetimes compared to rapidly
reacting molecules with higher energies, and are thug more likely to be de-energized,
The more highly energized molecules thus contribute more heavily to the global rate
of reaction, making the activation energy correspondingly higher. In the high-pressure
limit the maximum activation energy prevails, being equal to the one obtained from the
absolute rate theory.
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For easy computer implementation the RRKM based fall-off data were correlated to
the following empirical relation:

E, + B,Ilnp, + B, (Inp,)* (5.19)

k. =A p,ﬂ‘ exp| - ohs

with the constants B,, B, and B, serving to describe the pressure dependence of the
pre-exponential factor A and the Arrhenius activation energy E,. Using the nonlinear
single response regression technique as outlined in paragraph 4.3.3, the Arrhenius
parameters and pressure correclion constants were determined for the pressure range
from 1 to 1000 Pa and the temperature range from 800 to 1000 K, see Table 5.4.

Table 5.4: Fre-axponential factor, activation energy and pressure correction constants
for unimalecular réaction rate coefficionts. Conditions: ps 1-1000 Pa, T= 800-1000 K
and silane as bath gas.

reaction Ay E,/Jmol’ B, /- B, /J maol’ B, /J mal’
SiH, — SiH, + H, 3.53 108 2188 10° 1.0013 -3.55 10' 12310
H,SI5H » H5i5iH, 5.02 10° 4.2 10 1.0001 7.86 107 a.37 107
8iH, — SiH, + SiH, 35310° 163.3 10° 1.0053 121100 1.80 10
SiH, - H,SiSH + H, o.68 10° 180.6 10° 1.1078 1.07 10¢ 188 10¢
BiH, — SiH, + SiH, 3.99 10'° 165.2 10° 12143 4.00 10° 1.92 10
SiH, - H;Si8iH + SiH, 254 10" 153.1 107 1.2214 4.01 10" 1.94 10

Table 5.4 shows that the pressure correction constants B, and B, are irrelevant in
case the unimolecular reaction possesses a high transition pressure. Thig is in
agreement with the fact that in the low pressure limit the pressure dependence is
confined to the pre-exponential factor, In contrast, the activation energies of the
disilane and trisilane dissociation reactions change significantly with pressure. At 100
Pa the relative changes in these activation energies amount to 5-15%.

Collision_efficiency

As noted earlier, tha basic RRKM theory treats the processes of activation and
deactivation as single-step processes in which molecules are assumed to acquire or
loose their energy in one single step. The strong collision assurnption is realistic for
moderate to large molecules. According to Moffat ef al. {1991) silane molecules have



KINETIGS IN THE PRESENCE OF GAS PHASE REACTIONS 137

a collision efficiency close to unity, Small molecules like argon and hydrogen, however,
possess collision efficiencies much smaller than unity (Robinson and Holbrook, 1572;
Robinson, 1975). To correct for limited energy transfer upon collision saveral methods
are applicable, the most sophisticated involving a very detailed mathematical treatment
{Robinson and Holbrook, 1872). A good alternative, however, consists in réplacing k,
in equations (5.14) and (5.18) by Ak, in which X is a constant collisional deactivation
sfficiency. The number of collisions required to de-energize an energized molecule to
a level below the critical energy is then equal to 1/A. This is an oversimplification. In
fact, the number of collisions nesded to de-enargize a given enargized molecule
depends on the excess enetgy of this molecule, being the energy above the critical
energy for reaction.

For the present purposes it is more convenient to replace the total pressure, p,, in
equation {5.19) with an effective total pressure, p,,, defined according to:

NG
Poy = jE AP (5.20)
1

with NG the number of gas phase components and p, and A, the partial pressure and
collisional deactivation efficiency of gas phase component i. The effects of gas phase
composition on the de-energization rate coefficient k, are much smaller and hence
have been omitted,

The only abundant gas phase components in the reaction mixture are silane, hydrogen
and argon. As manticned above silane has a collisional deactivation efficiency close
to unity. Experimentally obtained values for the collisional deactivation efficiencies for
argon and hydrogan are much smaller and range between 0.2 and 0.5 (Robinson,
1975; Robinson and Holbrook, 1972). During the simulation of the kinetic experiments
the effective total pressure can be calculated for each set of experimental conditions
using equation (5.20). In this way easy allowance is made for varying gas phase
compesition and hence for varying overall energy transfer with changing process
conditions.

5.4 Kinetic parameter determination

5.4.1 Experimental

in total 210 experiments ware used during the Kinetic modelling, 150 of which covering
the range of experimental conditions where gas phase reactions can be neglected, see

Table 4.3, and 60 applying to tha range of expetimental conditions where gas phase
reactions need to be considered, see Table 5.5,



138 Low Peessuae CVD OF POLYCAYSTALLINE SILICON! REACTION KINETICS AND AEACTOR MODELLING

Table 5.5: Range of experimental conditions
where gas phase reactions need to be taken
into account,

") 50 - 125 Pa
T B87 - 963 K
ViFgu 0 11 - 55 m? & mal”!
Xsi, 1.6 - 59 %

M/SiH,], 1.0 :
SiM/Arl, 45 ]

5.4.2 Model equations

During the simulations of the kinetic experiments, the reactor model equations given
by (2.39) to (2.45) were applied in order to account for the gas/solid mass transfer
resistances of the reactive gas phase species. The kinetic model used consists of the
elementary gas phase reactions of Table 5.1 coupled to the global adsorption
reactions {(oc-e) and the elementary reactions (13) and (14} of the surface reaction
network given in Table 5.2. In total six gas phase species ars involved, i.e. 8iH,, SiH,,
8iH,, H.8i8iH, H,5iSiH, and H,, and besides vacant surface sites only one kinetically
significant surface species exists, i.e. hydrogen adatoms denated by H*

Following the law of mass action for the rates of the elementary gas phase steps of
Table 5.1, the homogeneous net production rates of the above gas phase species are
given by:

ng NG

g
E Virluw = E Vi Ky H Gk (5.21)
ka i1

ket

with ng the number of gas phase steps; v, the stoichiometric coefficient of component
i in gas phase step k; r,, the rate of gas phase step k; k, the rate coefficient of gas
phase step k; NG the number of gas phase components; C, the gas phase
concentration of component .

As noted in paragraph 5.2.3, the rates of the global reactions (c-e) are determined by
the rates of the corresponding elementary adsorption reactions, see reactions (5-9) of
Table 5.2, Following the law of mass action for the rates of these adsorption reactions,
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the heterogenaous net production rates of the silicon containing gas phase species
are given by:

vam e [m ml'[Ca’"'H”’] (5.22)
m=1 i1
with ns the number of surface steps; v, the stoichiometric coefficient of gas phase
component i in surface step m; r,,, the rate of surface step m; Kk, the reaction rate
coefficient of surface step m; NS the mnumber of suface components; L the
concentration of surface component |, v, the stoichiometric coefficient of surface
component | in surface step m. The heterogeneous neat production rate of melecular
hydrogen is calculated from those of the silicon containing species using the
stoichiometry of the global deposition paths (co-ee) of Table 5.2.
The net production rate of hydrogen adatoms follows from:

L2 L
s Lo 720 Gy L+ K Gy igin=mm

ZVH‘IH* &ﬂ"l L

m=1 r t

(5.23)

L?
a4k, CHESISHHQT RLTLTRL STY TR, SN, SV CHEL-
!

The first five terms at the right-hand side of the equality sign represent the rates of
hydrogen adatorn production via the global adsorption reactions (c-e). In addition to
silane, silylsilylene and disilene are considered to adsorb via dual-site mechanisms as
well, see paragraph 4.3.2. The four terms left represent the hydrogen adatom
formation and disappearance rates corresponding to the elementary reactions (13) and
(14) and written in a straightforward way following the law of mass action. The
concentration of delocalized hydrogen atoms is ebtained by applying the steady state
approximation for this species, see paragraph 4.3.2:

Kislyo * k.1 Gy L.
k-‘laLv + k‘ld. LH-

{5.24)

LHQE

Together with the assumption that the recambination of a localized hydrogen adatom
with a delocalized hydrogen atom proceeds potentially very fast compared to the
interaction of a delocalized hydrogen atom with a vacant surface site, see also
paragraph 4.3.2:

KoL « kL., (5.25)

-13
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the net production rate of hydrogen adatoms finally becomes:

- z

ns L* L
E"mu« wm =4 K Csw "'L—*Ek Csw L +2k Cs, L 4k CHSr&fHT
i ’ " (5.26)
L? 2k, K,C, L
+4 k. C, Sy T -2k L+ _.E:,,,_
with K, the equilibrium coefficient of molecular hydrogen adsorption:
KK
K. = 137 14 (5_27)
Tk Lk

13714

After solving the reactor model equations {2.39) to (2.45) using the net production
rates as defined above, the silicon growth rate and the molar flow rates of the gas
phase species at the reactor outlet can be calculated from equations (2.48) and (2.47).
More specifically, the silicon growth rate is calculated from:

‘ M, L2
S 5f
il mlg-1 =— kSCSi A Siky Highg
5 m &
{5.28)
LE L:
+2k,C SSH T +2K, Oy cisi,—— L l
1
and the outlet molar flow rate of species i from:
F F +4RH Evmfam IQ-H,‘H +4HHO vat a,m E,I
{5.29)

ng

+4KHU Z c:;zvxlrvk (E-\r:c

ccel ka1

In these expressions, M, is the molar mass of solid silicon, i.e. 28.086 10 kg mol”;
ps the density of solid silicon, i.e. 2.33 10" kg m™®; F,, and F, the molar flow rates of
gas phase species i at the reactor inlet and outlet; R, and R, the inner and outer
radius as defined in reactor model, see Figure 2.11; £ the dimensionless radial
coordinate; M the number of interior collocation peints and w,, the weighting factors,
see paragraph 2.5.2. The homogeneous and heterogensous net production rates in
equation (5.28) are again calculated according to equations (5.21) and (5.22),
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5.4.3 Regression analysis

Since the total number of rate and equilibrium coefficients featuring in the reactor
model equations is 15, a set of 30 kinetic and thermodynamic parametérs would have
to be estimated, This number can however be reduced by the use of thermodynamic
and physico-chemical relations and sensitivity analysis. The rate coefficients of the
unimolecular gas phase steps, k., K, k, and k, (s}, are calculated using the empirical
relation given by equation (5,19) with the total pressure, p,, replaced by the effective
total pressure, p,,, see equation (5.20):

NG NG
e 8. EytByuin| 3o 0p, [+8,, 0| 32 0p, (5.30)
k=A S hp | exp|- ol il
in

AT

Here, A, and E,, are the pre-exponential factor and Arrhenius activation energy of gas
phase step k. Table 5.4 contains the pressure correction constants B, B, and B,
for each of the unimolecular gas phase steps under consideration. The collisional
efficiencies, A, were set to 1.0 except for hydrogen and argon. For these small
molecules the collisional deactivation officiency was set equal to 0.3. Through a formal
sensitivity analysis, see Appendix 5C, small sensitivities for all gas phase reaction rate
coefficients were detected except for that corresponding to the initiation step, reaction
(1). For this reason the pre-exponential factors A, A, and A, as well as the activation
enargies E, », E,; and E, , were kept fixed at the RRKM based values listed in Table
5.4, whareas the pre-exponential factor of the initial step in silane pyrolysis, A,, was
adjusted during the regression of the kinetic experiments. Dus to a strong correlation
hetween the activation energy of the initial step in silane pyrolysis, E,,, and the
standard enthalpy change of hydrogen adsorpion, A H%,, the former was not adjusted
aither but kept fixed at the RRKM value listed in Table 5.4.

The rate coefficients of the reverse gas phase steps, k,, k;, k, (m®* mol” ™) and K.,
("), are calcutated from the equilibrium constants and the forward step rate
coefficients according to:

k, = k!K, {5.31}
with the equilibrium constant, K,, calculated at the reaction temperature using the most

recent thermodynamic data base of Coltrin ef al. (1986,1989).
The rate coefficient of silane adsorption is expressed in Arthenius form according to:
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Eus (5.32)

k. = A, exp “BT

with the pre-expeonential factor and the activation energy kept fixed during the
regression at the values derived in the region where gas phase reactions can be
ofmitted, see paragraph 4.3.3. Assuming silane adsorption to be non-activated, i.e.
E.s= 0, and substituting the estimated standard activation entropy given in Table 4.4
into equation (4.13) yields a pre-exponential factor equal to 3.89 10° m®* mol' 5" at T=
800 K. The rate coefficients corresponding to the other elementary adsorption
reactions, k, to k, (m* mol* ™), are ealeulated from kinetic gas theory:

1|8RT , . (5.33)
=8 e | —— L
‘G 1M '

where s, denotes the initial sticking probability and M, the molar mass of gas phase
species L. This means that the corresponding activation energies E_ . to E,,, were kept
fixed at zero during the regression. The pre-exponential factors A, to A, were kept
fixed at the values calculated fram equation {5.33) for T= 900 K and an initial sticking
probability equal to 0.7 in case of disilane, see paragraph 5.2.3, and 1.0 in case of
silylene, silylsilylene and disilens.

The rate coefficient corresponding to the excitation of a hydrogen adatom into a
delocalized state, k,; {87'), is expressed in Arrhenius form as well:

a,m

km = Am exp T

E, 5.34
Ky = Agexp _—ﬁ; ( )

The equilibrium coefficient corresponding to the dissociative adsorption of molecular
hydrogen, K, (m* mol}, is expressed in Van 't Hoff form:

AHS AS] AH] (5.35)
K - A - & H _a 'H '
T AP g | 2 8P [P TR

By sensitivity analysis large sensitivities for both the rate coefficient corresponding to
the excitation of a hydrogen adatom, k,;, and the equilibrium coefficient reflecting
molecular hydrogen adsorption, K, were detected. Therefore, the pre-exponential
factors A,, and A,, with the corresponding E, .. and A H’, were adjusted during the
regression of the kinetic experiments.
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The number of kinetic and thermodynamic parameters to be estimated could thus be
reduced to 5, i.e. A, Ay Ay E,., and AH°, which were determined using the
Marquardt multi-response nonlinear regression algorithm (Marquardt, 1963; Fromeant
and Hosten, 1981). Maximum likelihood parameter estimates, b, ware obtained by
minimization of tha least square criterion applied on the observed, Y, and calculated,
Y, responses:

v v [

S(0) = 32 30 0 X (¥ - Vi)(Vi - Vi) (5.36)
whete v is the number of responses, n the number of observations and o, the (hk)
elements of the inverse of the error variance-covariance matrix. This criterion is based
on the assumption that the experimental errors are normally distributed with a zero
mean. The etements g,, of the inverse of the error vatiance-covariance mattix were
obtained from an unweighted preliminary parameter estimation, i.e. frotm a parameter
estimation using & unit error variance-covariance matrix. The silicon growth rates as
well as the molar flow rates of silane and 3i;H, components at the reactor outlet were
used as responses. The calculated SiH, response was obtained by summing the
individually calculated outlet molar flow rates of H,SiSiH, H,SiSiH, and SiH,. The
observed SiH, response was obtained from the mass spactrometric signal measured
at AMU 60, see paragraph 2.2, Statistical testing of the significance of both the global
regression and the kinetic and thermodynamic parameter estimates was performed as
outlined in paragraph 4.3.3. To facilitate the simultaneous estimation of the pre-
exponential factor and Arrheniug activation energy corresponding to k5, and the
standard adsorption entropy and enthalpy corresponding to K, reparameterization was
applied (Kittrell, 1970);

E.sl1 1
Kk, = A, exp! - ;';3 =5 (5.37)
4]
AHy 1 (5.38)

K, = A - —
WESRER TR T,

with T the average temperature of the experiments, in the present chapter equal to

914.8 K. The non-reparameterized pre-exponential factors can be deduced from the

above reparameterized ones according to:
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Az = Ay exp Ea_,;_a (5.39)
F | BeH (5.40)
A, = A, exp T :

m

In total 210 experiments, covering the complementary ranges of experimental
conditions of Tables 4.3 and 5.5, were used during the regression. Si,H, responses
from experiments at total pressures lower than 50 Pa were not considered, because
gas phase reactions ware found to ba insignificant at these pressures, see paragraph
3.4. Hence, the total number of experimental Si,H, responses considered during the
regression amounted to 60. The calculations were performed on a Silicon Graphics
Power Challenge Computer. The CPU time required to simulate one experiment
amounts to approximately 1 second. During every iteration in the Marquardt algaorithm
every experiment has to be simulated at least § times, i.e. the number of parameters
to be estimated plus ane. Every iteration in the Marquardt routine thus takes at least
21 minutes CPU time. When good initial parameter estimates are provided
approximately & iterations are sufficient to reach the minimum of the objective function.
As initial estimate for the pre-exponential factor of the homogeneous silane
decomposition reaction, A,, the valug calculated from the RRKM theary was applied,
see Table 5.4. Initial estimates for the other parameters, i.e. A, A, E, ,, and AH,
were obtained from the modelling results in the absence of gas phase reactions, see
Table 4.4,

The final kinetic and thermodynamic parameter estimates with their corresponding
95%-confidence intervals are shown in Table 5.6. The F-valve of the regression
amounted to 53000. The t-valuas of the parameter estimates ranged between 17 and
84, indicating the statistical significance of the corresponding estimates. The largest
value for the binary correlation coefficient between two parameter estimates occurred
for the reparameterized pre-exponential factors corresponding to hydrogen adsorption
and to the excitation of a hydrogen adatom into a delocalized state and amounted to
0.83. Figures 5.4 and 5.5 show parity diagrams of the calculated versus the observed
gilicon growth rates and silane and Si,H, outlet molar flow rates. The absence of
systematic deviations reflecis the adequacy of the model equations used. The
calculated and observed growth rates and silane outlet molar flow rates usually
deviated by less than 15%. The deviations betwean the calculated and cbserved outlet
molar flow rates of Si,H, components were somewhat larger and typically deviated by
less than 20%.



KINETICS IN THE PRESENCE OF GAS PHASE REACTIONS 145

Table 5.6: Kinetic and thermodynamic parameter estimates with their approximate
individual 95%-confidence intervals obtained from a ragression analysis of 210
experiments in the complamentary ranges of experimental conditions listed in Tables
4.3 and 5.5. The set of model equations given by (2.39) to (2.45), (5.28) and (5.29),
and based on the gas phase and surface reaction network shown in Tables 5.1 and
5.2 were applied during the simuialions.

A ot A estimate with E, or A,H® estimate with
reaction 95%-confidence interval 35%-confidence interval
/87, m*mol" or m® mol* s / kJ mol”
(N (1.28+0.03) 10" 215.8
{-2) 3.53 10° 163.3
{(3) 9.68 10° 1B0.6
(4) 6.02 10* 4.2
(5) 3.89 10° 0.0
(6) 1.76 10 0.0
(7 1.23 10° 0.0
(8) 1.25 10 0.0
(9) 1.25 10 0.0
(13) 7.8£0.4' 188+10
{H) (3.5+0.5) 10°’ -361£23
 reparameterized
15
ol ’ Figure 5.4: Calculated versus experi-
£ £ mentally observed silicon growth rates in
%o g 2 the complementary ranges of experi-
- * mental conditions listed in Tables 4.3
o & ’ and 5.5, Caiculated growth rates were
kS * obtained from equation (5.28) after
7 T solving equations (2.39) to (2.45) with
ol . the set of parameters given in Table 5.6.
4] 3 & =] 12 16

Re aba / 10710 m g1
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Figure 5.5: Calculated versus exparimentally observed silane (a) and 5i.H, (b) molfar
flow rates at outlet of reactor in the complomentary ranges of experimental conditions
listed in Tables 4.3 and 5.5. Calculated molar flow rates were obtained from equation
(5.29) after solving equations (2.39) to (2.45) with the set of parametars given in Table
5.6

5.5 Assessment of parameter estimates

Examination of {the individual kinetic and thermodynamic parameter estimates as given
in Tabla 5.6 can provide insight into the validity of the proposed reaction madel shown
in Tables 5.1 and 5.2

The estimated value of the pre-exponential factor of the initial reaction in silane
pyrolysis, reaction (1) of Table 5.1, deviates by almost a factor of forty from the valus
cbtained from the ARKM analysis, see Tabkle 5.4, giving rise to a similar discrepancy
in the corresponding unimolacular rate coefficient, k,. Applying equation (5.19) with the
pressure correction constants and the Arrhenius parameters given in Table 5.4, results
in a ky-value of 1.0 10 s at p,= 100 Pa and 900 K. In contrast, the estimated pre-
exponential factor of Table 5.6 gives rise to a K,-value of 3.8 10” s”'. An explanation
for this discrepancy is that the former vaiue is derived by means of RRKM analysis of
experiments at much higher pressure and/or lower temperature than generally applied
in low pressure CVD of polyerystalline siticon. The estimated value is, however, in
good agreement with the value of 3.5 107" §7 obtained by Holleman and Verweij (1993)
through fitting of the growth rate data in a conventional LFCVD reactor at 100 Pa total
pressure and 828 K, Moreover, the same authors calculated values of 5.2 10" 57" and



KINETICS IN THE PRESENCE OF GAS PHASE REACTIONS 147

29107 5" using Jasinski's (Jasinski and Chu, 1988} and Inoue's (Inoue and Suzuki,
1985) values for the rate coefficient of the reverse step, k,, combined with the
thermodynamic data of Kleijn (1991a). Yeckel et al. (1989) fitted the rate coefficient
for silane decomposition to growth rate data obtained by Meyarson and Olbrichi (1984)
for in-situ doped polyerystalline silicen in an LPCVD reactor at 896 K, 13.3 Pa and
100% silane. In case disilane was considered to contribute to the silicon deposition
rate as well, a value 3.9 10" m®* mol" & was obtained, which can be transformed into
a value of 5.2 10" 5 for 100 Pa total pressure and 100% silane at the same
temperature.

In Table £.7 a comparison is made between the values of the standard activation
entropy and enthalpy of hydrogen adatom excitation and the standard entropy and
enthalpy of molecular hydrogen adsorption estimated in the region where gas phase
reactions ¢an be neglected and those estimated in the complete region considerad.
For the latter situation, the kinstic and thermadynamic quantities were derived as
follows. The standard activation entropy of hydregen adatom excitation, A’S°,, was
calculated according to:

A8 = Rn

A (5.41)
ekT,

with the non-reparameterized pre-exponentiai factor, A, calculated from the
reparameterized one, A',;, according to equation (5.39). The standard activation
enthalpy of hydrogen adatom excitation, A*H°,, was taken equal to the estimated
Arthénius activation energy, E, ,;, minus the average thermal molar energy, RT,. The
standard entropy of hydrogen adsorption, A,8%,, was calculated according to:

AS5 = Rin(A,) (5.42)

with the non-reparameterized pre-exponertial factor, A, calculated from the
reparameterizad one, A',, according to equation {5.40). The standard enthalpy of
hydrogen adsorption, A,H%,, was estimated directly during the regression analysis, see
Table 5.6.

Obviously, the deviations between both sets of parameter estimates is very smalk,
Within their 85%-confidence intervale the parameter estimates of the two regions
coincide. The assessment of the parameter estimates, see paragraph 4.4, showed that
the standard activation entropy and enthalpy associated with the excitation of a
hydrogen adatom into a delocalized state are physically reasonable. Examination of
the equilibrium coefficient of molecular hydrogen adsorption revealed that the change



148 Low PRESSURE CVD OF POLYCRYSTALLINE SILICON' REACTION KINETICS AND REACTOR MODELLING

in standard entropy i much too large in absolute senge, despite the physically
meaningful estimate of the corresponding change in standard enthalpy.

Table 5.7: The standard activation entropy and enthalpy associated with
hydrogen adatorn excitation and the standard reaction sntropy and
enthalpy associated with molecular biydrogen adsorption estirnated in both
the region where gas phase reactions can be neglected, see paragraph
4.3.3, and the same region expanded with the region where gas phase
reactions need to be accounted for, see paragraph 5.4.3. Standard state:
1 ol 4%, b= 0.5.

parameter region including gas  region without gas
phase reactions phase reactions
A8/ J molt K7 -40° -33216
A*H®, / kd mol” 180£10 186114
AS% 1 mol” KT -327 -336+55
AHY, 7k mol? -361+23 -369450

tha eorresponding 95%-canfidence intervals were ned obtained from regression
in tofal 210 experiments were conducted in the complementary ranges of
experimental conditions listed in Tables 4.3 and 5.5

in total 150 axperiments were condusted in the range of experimental conditions
listed in Table 4.3

5.6 Simulation results

Figure 5.6 shows the conversion of sifane as a function of space time at 963 K and
total pressures of 26 and 50 Pa. Even at silane conversions as high as 64%, the
kinetic model provides a good description of the experimentally obtained conversions.
The effect of total pressure is also simulated correctly. The model alse describes the
dependence of the silane conversion on space time adequately over a broad range
of temperatures as can be seen in Figure 5.7. The simulations confirm the existence
of a differential operating regime with respect to silane conversion at the iower
temperatures considered, At 50 Pa differantial operation is delimited at roughly 838
K. At higher temperatures differential operation with respect to silane conversion is no
longer satisfigd.
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Figure 5.6: Silane convarsion versus Figure 5.7: Silane conversion versus

silane space time. Lines: calculated with  sifane space time. Lines: calculated with
equations (2.39) to (2.45) and the set of  equations (2.39) to (2.45) and the set of

parameters given in Table 5.6. Points! parameters given in Table 5.6, Poinls:
experiments. Conditions: SiH/Arj,= 4.0,  expetiments. Conditions: SiH /Ar[,= 4.0,
T= 963 K. + p= 25 Pa, o p= 50 Pa. p=50FPa + T=863K a T=8B8K,

o0 T=912K, vT=938 K, 0 T=863 K.

Figure 5.8 shows the silicon growth rate as a function of silane conversion at 50 Pa
and different temperatures. The increage in silane conversion was brought about by
an increase in gpace time, gee Figure 5.7. Clearly, at each of the considered
temperatures the agreement hetween expetimental and calculated growth rates is
good. Congequently, the effect of temperature on the dependeénce between silicon
growth rate and silane conversion and hence space time is simulated correctly.

Figure 5.9 shows the experimental and simulated silicon growth rates versus the inlt
hydrogen-to-gilane ratio at 912 K and total pressures of 25 and 50 Pa. The direct
relation between silicon growth rate and inlet hydrogen-to-gilane ratio is justified
because the experiments were performed in the regime of differential operation with
respect to silane conversion and silicon deposition, see paragraph 3.4.1. In this regime
gas phase reactions are not important and silicon deposition is predominantly
determined by heterogeneocus dacomposition of silane. Henge, the rate of silicon
deposition equals the rate of silane adsorption, given by reaction (5) in Tabie 5.2, and
depends on the concentration of vacant surface sites squared. Due to the enhanced
adsorption of molecular hydrogen with increasing inlet hydrogen-to-gilane ratio, the
fraction of vacant surface sites decreases, see Table 5.8 for calculated values, thereby
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slowing down the adsorption of silane and hence the deposition of silicon, Increasing
the inlet hydrogen-to-silane ratio from 0.5 to 1.25 leads to a relative decrease in the
fraction of vacart surface sites of about 11% and to & decrease in deposition rate by
a factor of 1.25, The adequate simulation of the observed hydrogen inhibiting effect
an the silicon growth rate shows that reactions (5) and (14) of Table 5.2 provide a
good way to account for the competitive adsorption of silane and hydrogen.
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Figure 5.8: Sificon growth rate versus
sifane space time. Lines: calculated with
eguations (2.38) to (2.45) and the set of
paramstars given in Table 5.6. Poirits:
experiments. Conditions: SiH /Ar/,=

4.0, p= 50 Pa, + T= 863 K, » T= 888
KoT=812K vT=838 K 0 T=863 K.

Figure 5.9: Silicon growth rate versus
inlet hydrogen-te-silane ratio. Lines:
calculated with equations (2.39) to (2.45)
and the set of parameters given in Tabls
5.6. Points: experiments. Conditions: T=
912K, Fap, =26 10°mol ', F= 6.3 10°
mol 5, argon as balance. + p= 25 Pa,
0 p~ 50 Pa.

Figures 5.10 and 5.11 show the silicon growth rate and the silane conversion versus
the silane space time at 100 Pa total pressure and different temperatures. Obviously,
both the effects of space time and temperature on silicon growth rate and silane
conversion are also adequately described by the model at 100 Pa. Even silane
conversions as high as 60% and silicon growth rates upto 1.5 10° m s ' are sirmulated
correctly, At 8938 K and 963 K, the exparimentally observed growth rates exhibit
rmaximum values at short space time. The occurrence of these maximum growth rates
will b& explained in paragraph 5.7.1.
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Table 5.8: Fraction of vacant surface sites versus
the inlet hydrogen-to-silane ratio at 25 and 50 Pa
total pressure. Calculated with equations (2.33) to
(2.45) and the set of parameaters given in Table 5.6.
Conditions: T= 912 K, Fg, ,= 2.6 10° mol s,

F,= 6.3 10° mol 8", argon as balance.

Hy/SiH, |, / - 6./ -
25 Pa 50 Pa
Q.50 0.207 0.154
0.73 0.199 0.149
1.00 0.191 0.143
1.25 0.185 0.138
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Figure 5.10: Silicon growth frate versus
sifane space time. Lines: calculated with
equations (2.38) to (2.45) and the set of
parametars given in Table 5.6, Paints:
experiments. Conditions: SiH/Ar[,= 4.5,
SiH/H,[= 1.0, p= 100 Pa. & T= 888
912K, vT=038K + T=963 K.
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Figure 5.11: Silane conversion versus

silane space time. Lines: calculated with
equations (2.39) to (2.45) and the set of
parameters given in Table 5.6. Points:

axperiments. Conditions: SiH/Ar/,= 4.5,
SiH/H; = 1.0, p= 100 Pa. ¢ T= 888 K,
KioT=812K vT=838K, + T=963 K.
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Figure 5.12 shows the sitmylations of the SiH, selectivities as a function of space time
over a broad range of temperatures at 100 Pa total pressure. Except at 888 K, the
calculated SiH, selectivities agree well with the experiments. It should be noted that
the deviation between experimental and simulated selectiviies at the former
temperature is caused mainly by the concurrent deviation between experimental and
simulated silane conversions, see Figure 5.11.

The mode! also adequately describes the effect of pressure as can be seen in Figure
5.13, where the silicon growth rate, silane conversion and Si,H, selectivity are platted
versus the space time at 80 Pa total pressure and a temperature of 938 K.
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Figure 5.12: 5i,H, selectivity versus Figure 5.13: Silicon growth rate (+), silane

silane space time. Lines. calculated with  conversion (0) and Si,H, selectivity (v}
egualions (2.39) to (2.45) and the set of  veérsus silane space lime. Lines: calculated

parameters given in Table 5.6. Points: with squations (2.39) fo (2.45) and the sef
exparments. Conditions: SiH /Ar |~ of parametars given in Table 5.6. Points.
4.5, SiH/H, = 1.0, p= 100 Pa. ¢ expariments. Conditions: SiH/Ar].= 4.5,
T=888K o T=912K, v T= 838 K, SiH/H,[,= 1.0, p= 80 Pa, T= 838 K.

+ T= 963 K.

Figure 5.14 shows the silicon growth rate, silane conversion and Si,H, selectivity as
a function of space time at 80 Pa and 913 K. Note that these conditions were not
considered during the regression. In contrast to the figures presented before, the feed
mixture was not diluted with hydragen. Hence, over the range of space times
considered the actual partial pressure of silane exceeds 50 Pa. The results show that
except for the silane conversion, the simulations are not adequate. The SiH,



selectivity as well as the silicon growth rate is simulated typically too low. A possible
explanation for these deviations could be the omission of less straightforward reactions
such as insertion inte surface Si-H bonds. The disilang adsorption reaction denoted
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by equation (5.4) belongs to that category of reactions,

5.7 Deposition path analysis and relative importance of gas phase reactions
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Figure 5.14: Sificon growth rate (+}, silane
conversion () and Si,H, selectivity (v)
versus silane space time. Lines: calculated
with equations (2.39) to (2.45) and the set
of pararneters given in Table 5.6. Points:
experiments. Conditions: SiH/Ar[,= 4.0,
SiH/H,j= 0.0, p= 80 Pa, T= 913 K. Not
considersd during regression.

5.7.1 Pressure range from 50 to 125 Pa

Effect of space time

Figure 5.15 shows the silicon growth rate, silane conversion and SiH, selectivity
versus the silane space time at 100 Pa and 963 K. The simulations have been
extrapolated to zeto space time. The silicon growth rats first increases from 12.7 107°
m s at zero space time to 17.1 10" m s at 2.3 m* s mol”" and then gradually
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decreases with increasing spaceé time. The SiH, selectivity starts at zero, because
SiH,; needs to be formed first, almost instantaneously reaches a maximum valug of
36% and then strongly decreases with increasing space time. Figure 5.16 shows, in
addition to the experimental and simulated silicon growth rate, the calculated total
silicon growth rate due to gas phase intermediates, i.e. SiH,, H,3i5iH, H,5iSiH, and
SiH,, and the caleulated individual growth rates from the most abundant silicon
containing gas phase species versus space time. As the observed growth rates
correspond to the centre of the reactor, the growth rates were calculated for the
conditions pravailing at r= R, after solving equations (2.39) to (2.45) with the set of

parameters in Table 5.6
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Figure 5.15: Silicon growth rate (o),
sitane conversion () and SiH,
selectivily (+) versus silane space time.
Lines: caleulated with equations (2.39)
to (2.45) and the set of pararmeters
given in Table 5.6. Points: experiments.
Conditions: SiH /Ar],= 4.8, SiH/H,/,

= 1.0, p= 100 Pa, T= 963 K.
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Figure 5.16; Silicon growth rate (——)
plus experimeantal points (m), total silicon
growih rate due to the gas phase
imermediates (-----} and the individual
siticon growth rates from the most
abundant sificon containing gas phase
spacies (). + SiH,, o SiH,, ¢ Si.H,,

+ H,8iSiH,. Calculated at r= R, after
solving equations (2,39) to (2.45) with the
set of parameters given in Table 5.6.
Conditions: SiH/Ar|,~ 4.5, SiH/H, [ =
1.0, p= 100 Fa, T= 963 K.
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Figure 5.17 shows the corresponding calculated normalized concentrations of the gas
phase intermediates and the calculated fraction of vacant surface sites versus space
time. It should be noted that the slopes of the curves at the high conversion sides of
Figures 5.16 and 5.17 are not completely determined by chemical kinetics but also
slightly effected by changes in the diffusive mass transport as a result of varying gas
phase cornposition, in particular the increasing H, concertration, with silane
conversion. Silylsilylens, H,5iSH, is omitted from the above figures, bacause s
contribution to the silicon growth rate can be neglected.
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Figure 5.17: Normalized concentrations of the
maost abundant silicon containing gas phase
speacies () together with the fraction of
vacant surface sites (- ) versus silana
space time, + SiH,, o SiH,. 0 Si,H, + H,5i5iH..
Calculated af r= R, after solving equations
{2.39) to (2.45) with the sot of parameters
given in Table 5.6. Conditions: 5iH /Ar/,= 4.5,
SiH/H, [~ 1.0, p= 100 Pa, T= 963 K.

At space times close to zero the total silicon growth rate is determined by
hatarogensous decomposition of sitane and silylene only. The contribution of silylene
to the silicon growth rate is practically constant and amounts to roughly 16%. With
increasing space time the total growth rate due 1o the gas phase intermediates starts
to increase as a result of the formation of disilane and disileng. The fraction of vacant
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sutface sites is determined by the balance between consumption through adsorption
of the various silicon containing gas phage species, reactions (5-9), and production
through desorption of molecular hydrogen or more specifically through excitation of
hydrogen adatoms, reaction (13). With increasing space time the gas phase
concentrations and hence the adsorption rates of disilane and disilene increase. The
rate of hydrogen adatom excitation, howaver, is not directly effected by a change in
the space time, and the fraction of vacant surface sites consequently decreases, from
0.207 to 0.186. This decrease clearly effects the growth rate contribution from silane,
which decreases by approximately 24% in this stage of the deposition process. At the
position where the iotal growth rate due to the gas phase inlermediates has reached
its maximum value, the contributian from silane to the total growth rate amounts to
55.8%, whereas the rest percentage is buill up of the contributions from silylene,
16.4%, disilane, 22.7% and disilene, 5.0%. Upon further increasing the space time, the
total growth rate due to the gas phase intermediates starts to decrease as a result of
a decrease in the concentrations of disilane and disilene in particular. The main cause
for the decrease in the concentrations of these species is twofold. The most obvious
reason is the decreasing silane concentration with increéasing space time, A second,
lesg obvious reason, is the increasing of hydrogen concentration with increasing silane
conversion, which reduces the overall collision efficiency of the reaction mixture and
hence the unimolecular reaction rate coefficients, see paragraph 5.3.3, thereby slowing
down the gas phase reactions. Concurrently with the decrease in the concentrations
of digilane, disilene and silane, an increase in the fraction of vacant surface sites takes
place as a result of a decrease in the adsorption rates of these species without a
direct change in the rate of hydrogen adatom excitation.

In order to investigate the intarplay between gas phase and surface reactions at the
point where the growth rate due to the gas phase intermediates is maximal, a
contribution analysis was performed for the corresponding space time of 2.8 m* s

mol’, giving rise to a silane conversion of 5.5%. A general description of the
contribution analysis is given in Appendix 5C. Important to realize is that due to the
occurrgnce of surface as well as gas phase reactions, the contribution analysis
inevitably encloses a reactor specific geometrical factor, viz. the ratio of the deposition
surface area to the gas phase reaction volume. This ratio, denoted here by AJ/V,,
amounts to 128.3 m' for the present reactor configuration, see paragraph 2.5.1.

At the poirt where the growth rate due to gas phase intermediates is maximal, silane
consumption gccurs for 31% through homogeneous dissaciation, seeé reaction (1), for
28% through insertion of silylene, see reaction (2), and for 41% via beterogenacus
decomposition according to global reaction {@). Production of silane occurs for 34%
via homogenaous decompositicn of disilane, see reaction (-2), and for 66% via
heterogeneous decomposition of disilane according to global reaction {y). Formation
of silylene is determined for 80% by homogeneous decomposition of silane and for
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20% by homogeneous decomposition of disilane according to reaction (-2). Silylene
consumption takes place for 73% via insertion into silane and for 27% via
heterogeneous decomposition according to global reaction (B). Insertion of silylene into
molacuiar hydrogen, reaction (-1), has no important contribution to the total
disappearance of silylene at the conditions considered. This is consistent with the
rather high value of 6.37 for the dimensionless affinity of this reaction, see Table 5.9,
indicating that the raverse step is not important. Dilution with large amounts of
hydrogen obviously does not force the equilibrium of the initial silane pyrolysis reaction
to the left. Except through reduction of the unimolecular gas phase rate coefficients
as a consequence of a lower collision efficiency, see paragraph 5.3.3, hydrogen will
have ho further quenching effect on the gas phase chemistry. Disilane consumption
is for 31% accounted for by homogensous decomposition into silane and silylene, for
8% by homogeneous decomposition into silylsilylene and hydrogen and for 61% by
heterogeneous decomposition, Insertion of silylens into silane accounts for 100% to
the disilane production. Disilane formation via insertion of silylsilylene into hydrogen
has no significant contribution, which also follows from the rather high value of 4.55
for the dimensionless affinity of this reaction, see Table 5.9. The paths to and from
H,SiSiH are not discussed, because its contribution to the silicon growth rate is too
low. Disilene disappgarance occurs for 96% through isornarization towards silylsilylane,
see reaction (-4), and for 4% through heterogeneous decomposition. Production of
disilene is fully accounted for by isomerization of silylsilylene. The dimensionless
affinity of this isomerization reaction, reaction (4), amounts to 0.04, indicating that its
forward and backward steps procesd at the sarme rate and hence are equilibrated.

Table 5.8: Dimensionless affinities as defined in Appendix
5C and rates of the forward steps of the considered
glermentary gas phase reactions. Calculated after solving
equations (2.39) to (2.45) with the set of parametars given
in Table 5.6. Conditions: 8iH /Ar[,= 4.5, SiH/H, /= 1.0,
ViFsin,o= 2.8 m® s mol’, p= 100 Pa, T= 963 K,
carresponding to Xon,= 5.5 %.

gas phase reaction A/RT T

/- / mal m3 g
SiH, = SiH, + H, 6.37 7.78 10°
8it, + SiH, = Si;H, 1.28 7.08 10°
SiH, = H,SiSiH + H, 4.55 4.71 10°*

H,3iSiH = H,SiSiH, 0.04 1.06 10%
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A summary of the above contribution analysis is shown in the left part of Table 5.10.
instead of the contribution percentages of the individual reaction steps, the contribution
percentages obtained after summation over all gas phase steps and over all surface
steps are given. Production contribution percentages for the gas phase intermediates
are omitted, because forrnation of these species is a matter of gas phase kinetics only.
In order to investigate the effect of silane space time and hence of silane conversicn
on the interplay between surface and gas phase reactions, similar contribution
percentages were calculated for a space time of 40.4 m® s mol'' corresponding to a
silane convarsion of 46.3%, see right part of Table 5,10, Comparison shows that the
relative importance of the gas phase reactions with respect to the consumption of the
gas phase species reduces with increasing silane conversion.

Table 5.10: Contribution analyses with respect to the consumption of the most
important gas phase species at silane space times of 2.8 and 40.4 m® 5 mol’,
performed as described in Appendix 5C afier solving equations (2.38) to (2.45) with
the set of parameters given in Table 5.6, Conditions: SiH /Ar = 4.5, SiH/H,[,= 1.0,
p=100 Pa, T= 963 K. A /V = 128.3 m".

V/Fgy,0/ m* 8 mol” 2.8 40.4
X, | % 5.5 46.3
surface gas phase surface gas phase
! % [ % f % /! %
SiH,
consumption 41 59 67 33
production 66 a4 76 24
SiH,
consumption 27 73 55 45
SiH,
consumption 61 39 72 28
H,SiSiH,
consumption 4 96 8 92

It is possible to make a semi-quantitative prediction of the concentration level of
silylene with respect to that of silane by applying the pseudo-steady-state
approximation for this species. Herefore, a contribution analysis was performed at r=
R,. Contrary to the integral contribution analysis described in Appendix 5C, this focal
contribution analysis is based on the gas phase and surface concentrations locally
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existing. Moreover, it has to account for the inlet and oullet molar flow rates
contributing to the total formation and disappearance of the gas phase components
as well.

In the range of space times considered, i.e. at space times between 2.8 and 40.4 m®
s mol”, the major part of silylene is formed through homogeneous decomposition of
silane, reaction (1). Because silylene is not fed, the inlet of the reactor is irrslavant
with respect to the formation of this species, Silylene consumption, on the other hand,
is accounted for by insertion into silane, reaction (2), and by heterogensous
decomposition, global reaction (B). The contribution of the outlet molar flow rate to the
total silylene consumption is typically less than 0.1% and can therefore be omitted.
The absolute concentration level of silylene is determined by the balance between
production through reaction (1) having a first order rate coefficient k, and consumption
through reactions (2) and {B) with pseudo-first order rate coefficients KyCgip, and
ksL.ASV,. Bacause these pseudo-first order rate coefficients vary with space time as
a rasult of varying gas phase and surface composition, the present calculations are
performed at one single space time. At V/Fg, = 2.8 m® s mol”, k, is equalto 1.5 57,
whereas k,Cg,, and kL.A/V, amount to 8.8 10° " and 4.8 10° 5™, respectively.
Comparison shows that the silylene disappearance reactions possess rate coafficients
that are rauch larger than the silylene formation reaction, showing that silylene is a
very reactive intermediate. The timé required for silylene to reach its maximum
concentration is indeed vanishingly small, see Figure 5.17. Moreover, the silylene
concentration has no explicit dependence on space time but is determined implicitly
by the concentration of silane. On the above grounds, the ratio between the absolute
concentration levels of silylene and silane can be caloulated according to
Ky (KeC g, ThsL-ASV, ) (Boudart, 1968). Substitution of the above mentioned values for
the (pseudo-first order rate coefficients results in a ratio of 1.1 10, which is very
¢lose to the simulated value of 1.2 10™.

Effect of temperature

Table 5.11 gives a global picture of the effect of temperature on the relative
contribution from gas phase intermediates to the silicon deposition rate at 100 Pa. The
calculations were performed for the conditions at r= R, after solving the reactor madel
equations (2.39) to (2.45) with the set of parameters given in Table 5.6. The space
times were adapted such that the silane conversions at the different temperatures
were all equal to 30%. In the amall range of temperatures considered, the
concentration of silane is hardly effected by a change in temperature and amounts 10
roughly 3.6 10 mol m™. The relative contribution from H,SiSiH to tha total growth rate
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duo to gas phase intermediates is typically less than 1 10 and is consequently
completely irrelevant. The relative contribution from H,SiSiH, is in the order of a few
percent.

Table 5.11: Fraction of vacant surface sites, growth rate, total contribution from all
imtermediates to the growth rate, individual contributions from the most important
inermediates to the total growth rate due o intermediates, and ratio between the
growth rates from silylene and disilane versus temperature. Calculated at r= R, after
solving equations (2.39) to (2.45) with the set of parameters given in Table 5.6
Conditions: SiH/Ar[y= 4.5, SiH/H, [,= 1.0, p= 100 Pa and Xair,= 30%.

T 0. Ry, Por Posge Poggm Pen/Pas g
/K / - /10 m g™ /- /- /- /=

888 0.063 1.26 0.379 0.169 0.775 0.218

o912 0.101 3.03 0.341 0.272 0.865 0.408

938 0.156 6.90 0.332 0.354 0.535 0.738

963 0.221 13.71 0.348 0.508 0.418 1.208

As mentioned earlier, the fraction of vacant surface sites is determined by the balance
between consumption through adsorption of the various silicon containing gas phase
species, reactions (5-9), and production thraugh desorption of molecular hydrogen or
more specifically through excitation of hydrogen adatoms, reaction (13). Since
hydrogen adatom excitation is activated, E, ;.= 188 kJ mol”, and adsorption of siticon
hydride species is non-activated, higher temperatures lead to higher fractions of vacant
surface sites and hence to higher silicon deposition rates, see equation (5.28). A
higher 6. results in higher individual growth rates from the various silicon containing
gas phase species. Since SiM,, H,SiSiH and H,5iSiH, adsorb via dual-site adsorption
mechanisms, the effect of increasing 8. is more pronounced for these species than for
5iH, and Si,H,, occupying only one vacant site upon adsorption. The effects of higher
concentrations of the gas phase intermediates with increasing temperature are not
considered in the above discussion, Naturally, these effects will positively influence the
adsorption rates and hence the growth rates from the intermediates, thereby slightly
decreaging the fraction of vacant surface sites.

The growth rate contribution from all gas phase intermediates, &, , . is independent
of temperature and is almost completely determined by the growth rate contribulions
from silylene and disilane. This independency of tarnperature can be attributed in first
approximation to the roughly equal activation energies of the gas phase decompesition
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of silane and the first order desorption of hydrogen. Inferestingly to see is that with
varying temperature a change in most contributing gas phase intermediate takes
place. At 888 K disilane contributes for 78% and silylene for 17% to the growth rate
due to gas phase intermediates, whereas at 963 K these percentages amount to 42%
and 51%, respectively. Since the adsorption reactions of silylene and disilane are
kinetically equivalent in the sense that both are non-activated and raquire the same
number of vacant surface sites, the above effect of temperature has to be explained
by the ratio between the gas phase concentrations of silylene and disilane. An
exprassion for this ratio can be derived from a pseudo-steady-state mass balance for
digilane:

k:’ C"SJ‘M.1 ClSﬁH2 * k-a CHQSISEH GH2 - k-2 CSI‘ZHG -

A F, 5.43
k:a CSIEHB - K GSFZHE L, Vd - CSIEHB v =0 ( )
a g

i which the last term on the left-hand side denotes the molar flow rate of disilane at
the reactor outlet in units mol m*? s, see modal equation (2.39). A contribution
analysis at r= R, showed that production of disilane is completely accounted for by
silylene insertion into silane, reaction (2). Disilane disappearance, on the other hand,
takes place through homogenecous decompasition into silane and silylene, reaction (-
2), through heterogeneous decomposition according to global reaction (y), and to a
lesser extent via homogeneous decomposition into silylsilylene and hydrogen, see
reaction {3}, The contribution of the outlet molar flow rate to the total disappearance
of disitane is typically tess than 2% and is therefore skipped from the mass balance
given by equation {5.43). Rearrangement of the terms left at the left-hand side of
equation (5.43) results in the following exprassion for the ratio betweaen the silylene
and disilane concentration:

k K, + kL Ay
+ + —
Cowy, = 7 77V, (5.44)

c. k, C
SigHy 2 5y

The denominator is almost independent on temperature, since both the second order
rate coefficient k, and the silane concentration Cgy hardly change with temperature.
On the other hand, all individual terms of the numerator increase with increasing
temperature. The first order rate coefficients k, and k; have activation energies of at
least 163.3 and 180.6 kJ mo!’, see Table 5.6. The actual activation energies are even
higher due to their dependence on effective pressura, sée paragraph 5.3.3. The term
left in the numerator increases due to the increase in the fraction of vacant surface
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sites with temperature, see Table 5.11. In this way it is shown that with rising
temperature the ratio of silyléne concentration to disilane congentration increases and
hence the relative contribution of silylene to the silicon growth rate.

Effect of pressure

Table 5.12 gives a global picture of the effect of total pressure on the relative
contribution from gas phase intermediates to the silicon deposition rate at 963 K. The
calculations were again performed for the conditions at r= R, after solving the reactor
model equations (2.39) to (2.45) with the set of parameters given in Table 5.6. The
space times werg adapted such that the gilane conversions at the different pressures
were all equal to 30%. The lumped contribution from H,SiSiH and H,SiSiH, to the totat
growth rate due to gas phase intermediates is typically in the order of a few percent.
Hence these species are not considered.

Table 5.12: Fraction of vacant surface sites, growth rate, total contribution from all
intermediates to the growth rate, individual contributions from the maost importart
intermediates to the total growth rafe due lo intermediates, and ratio between the
growth rates from silylene and disitane versus total pressure. Calculated at r= R, after
solving equations (2.38) to (2.45} with the set of parameters given in Table 5.6.
Conditions: SiH/Ar[,= 4.5, SiH/H, /= 1.0, T= 963 K and Xg;, = 30%.

P: 0. HSi mintftm (DSIHEIim chiEHe/im RSi,SIIIz/HSJ‘SIHHQ
/ Pa /- /10" mys /- /- /- /-

50 0.309 8.99 0123 0.832 0.156 5.333

80 0.249 1217 0.253 0.629 0.326 1.929

100 0.221 13.71 0.348 0.505 0.418 1.208

As mentioned eatlier, the fraction of vacant surface sites is determined by the balance
betwaen consumption through adsorption of the various silicon containing gas phase
species, réactions (5-9), and production through descrption of molecular hydrogen or
more specific through excitation of hydrogen adatoms, reaction (13). Since the gas
phase concentrations and hence the adsorption rates of all silicon hydride species
increase with increasing pressure and the rate of hydrogen adatom excitation is not
directly effected by a change in pressure, higher pressures lead to lower fractions of
vacant surface sites.
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The growth rate contribution from all gas phase intermediates, ®,,,,. tfises with total
pressure and is almost completely determined by the growth rate contributions from
silylene and disilane. As for the situation of varying tempetature, a shift in the relative
contribution of the gas phase intermediates occurs with varying total pressure. At 50
Pa silylene contributes for 83% and disitane for 16% to the growth rate due to gas
phase intermediates, whereas at 100 Pa these percentages amount to 51% and 42%,
respectively. Since the adsorption reactions of silylene and disilane are kinetically
equivalent, the above effect of pressure hag again to be explained by the ralio
between the gas phase concentrations of silylene and disilane. This can be verified
with the help of equation (5.44), which relates the above ratio to the (pseudo-)first
order rate coefficients of the most important formation and disappearance reactions
of digilane. Since the effect of pressure cannot be visualized prima facie, the various
{pseudo-)first order rate coefficiants have been calculated at the different pressures
applied, se¢ Table 5.13. This table also lists the silylene to disilane concentration ratio
calculated on the basis of these (pseudo-)first order rate coeffciantz. The denominator,
koCgu,, increases with pressure since both k, and Gy, increase with increasing
pressure. The increase in the unimolecular rate coefficient k, is a consequence of its
pressure fall-off behaviour, see paragraph 5.3.3. The rate coefficient of the reverse
reaction, k,, naturally increases in the same way as k, with pressure. Also k,
increases with pressure but in a slightly diferent way than k, and k. Contrary to the
homogeneous terms k, and k, the heterogeneous term kL.A/V, decreases with
pressure, This is a direct result of the decrease in the fraction of vacant surface sites,
see Table 5.12, Because the heterogeneous term is significantly larger than the sum
of the hormogeneous terms, the decrease in the former obviously exceeds the increase
in the latter, therehy effectively lowering the numerator with pressure. In this way it is
shown that with rising pressure the ratio of silylene concentration to disilane
concentration decreases and hence the relative contribution of silylene to the silicon
growth rate.

Table 5.13: Individual terms of the numerator and denominator of equation (5.44) ard
the ratic between silylene and disilane concentration versus total pressure, Calculated
at r= R, after solving equations (2.33) lo (2.45) with the sat of parametars given in
Table 5.6. Conditions: SiH/Ar[,= 4.5, SiH/H,[,= 1.0, T= 963 K and Xg,, = 30%.

Py k;Csin, ke Ks koL AfV, Csmg’f Csnsz
/ Pa /s /s /s? /s’ /-

50 1.48 10° 7.99 10 2.01 10 5.49 107 0.44
80 3.4310° 1.16 10° 2.83 10 442 10° 017

100 511 1¢° 1.38 107 3.33 10 3.81 10 a.11
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5.7.2 Pressure range from 25 to 50 Pa

Figure 5.18 shows the silicon growth rate, the growth rate due to gas phase
intermediates and the ratio between the individual growth rates from silylene and
disilane versus temperature for the total pressures of 25 and 50 Pa using pure silane
as feed. The space times were adapted such that the silane conversions were all
equal to 30%.

101 7.5
Tw I
£ '100 1580 -
. ;
o J
310 d 25 }
1072 = 00

850 BYS5 ©00 925 950

T/ K

Figure 5.18: Sificon growth rate (—-), growth rate
due to gas phase intermediatas (----=-} and ratio
between growth rates from silylene and disilane
(--) versus lemperature, Calculated at r= R, after
selving equations (2.33) to (2.45) with the sel of
parameters given in Table 5.6. Conditions: 100%
SiH, feed, Xqy,= 30%. 0 p=~ 25 Pa, + p= 50 Pa.

The depicted trends are in line with the resulls discussed in paragraph 5.7.1 for the
high-pressure regime. In the above range of experimental conditions, which includes
the industrially relevant operating conditions for the deposition of polycrystalline silicon
from silane as discussed in Chapter 6, silicon growth is largely determined by
heterogeneous decomposition of silane. At 25 Pa and 900 K adsorption of silane
accounts for 84% to the silicon growth rata, whereas 6% is due to adsorption of gas
phase intermediates. At 50 Pa and 800 K the same percentages amount to 819% and
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19%, respectively. Tomperature, however, hag no significant effect on these growth
rate contributions. The total growth raie due to gas phase intermadiates is built up
almost completely of the growth rates from silylone and disilane. The SiH, isomers
are insignificant with respect to the total growth rate due to intermediates, as follows
from their iimped contribution of typically less than 4%. The ratio between the silylene
and disilane growth rate, Rg; s, /Rs s n, iINCreases with temperature and decreases
with total pressure, see also paragraph 5.7.1. At 25 Pa and 950 K silicon growth due
to gas phase intermediates occurs for 13% through adsorption of disilane and for 86%
through adsorption of silylene, resulting in an upper value of 6.6 for the above ratio.
The lower value prevails at 50 Pa and 850 K, where a value of 0.123 is calulated,
based on growth rate contributions from silylene and disilane of 11% and B7%,
respectively,

The above discussion applies to one conversion lavel only, The effect of space time
and hence of silane conversion is qualitatively similar to that presented in Figure 5,16,
The trends depicted thergin reéveal a negative effect of the silane conversion on the
growth rate contribution from gas phase intermediates and a positive effect on the
ratio betwean the growth rates from silylene and disilane.

5.8 Conclusions

A four-step elementary gas phase reaction network coupled to a fen-step elementary
surface reaction network provides an adequate description of the polysilicon deposition
process, at least for silane partial pressures up to 50 Pa. In case of higher partial
pressures of silane, simulated Si,H, selectivities and silicon growth rates are typically
too low, probably due to the omission of less straightforward reactions such as
ingertion into surface 3i-H bonds,

The gas phase reaction network considers dissociation of silane into silylene and
hydrogen, formation of disilane from silane and silylene, subsequent decomposition
of disilane into silylsilylene and hydrogen, and isomerization of silylsilylane towards
disilene. RRKM calculations showed that none of these reactions is in ita high-
pressure limit and that pressure fall-off effects need to be accounted for explicitly. The
surface reaction network, on the other hand, considers dual-site adsorption of silane,
silylsilylene and disilene, single-site adsorption of siiylene and disilane, subsequent
decompaosition of the surface hydride species, and adsorption/ desorption of molecular
hydrogen.

In the range of silane conversions applied, the relative importance of gas phase
intermediates for silicon deposition decreases with increasing conversion and
dogreasing total pressure, and is independent of temperature, Silylene and disilane are
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by far the most contributing gas phase intermediates. Silylene is forrmed through
harnogeneous decomposition of both silane and disilane and is consumed via insertion
into silane and via heterogeneous decomposition inte solid silicon and rmolecular
hydrogen. Production of disilane is completely accounted for by insertion of silylene
into silane. Disilane consumption on the other hand takes place through homogeneous
decompaosition inte silane and silylene, through heterogeneous decomposition into
zolid gilicon, molecular hydrogen and silane, and o a lesser extent via homogeneous
decompasition into silylsilylene and hydregen. The total contribution of these species
to the silicon growth rate amounts typically to 20% at the experimental conditions
covered. Moreover, the ratio between the growth rates from silylene and disilane is
affected by a change in sither of the process variablés cansidered, i.e. space time,
total pressure and temperature. It increases with increasing temperature and space
time, ar conversion, and with decreasing total pressure.

The above conclusions could be reached using quantitative modelling of the kinetic
experiments. Herefore, a kinetic model describing the experimental data in the
absence of gas phase reactions was developed first. This model was then coupied to
a set of gas phase reactions and additional surface reactions and applied in the
reactor model equations taking explicitly into account the significant concentration
gradients of the gas phase intermediates, This allowed an adequate description of the
experimental data in the presence of gas phase reactions.
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Appendix 5A Computational method used for minimization of total Gibbs energy

Minimization of the total Gibb's energy is accomplished by means of the Lagrangian-
multiplier technique. For a mixture of n species, the total Gibb's energy of a system
at temperature T and total pressure p, can be represented by:

Gy, =Hn.ns..m) (5A.1)

with n the numbeér of moles of component i. The thermodynamic equilibriurm
calculation invelves n equilibrium equations, one for each species, and m material
balance equations as congtraints, one for each element:

AGP+RTIn(yy,p,) E?u a,=0 (i=1,2,....,n} (5A.2}

Y ona,-A=0  (k=1,2,...m) (5A.3)

f

with AG? the standard Gibb's energy of formation of componsnt i; A, the Lagrangian
multiplier of element k; A, the total number of moles of element k present in the
systerm; &, the total number of atoms of ¢lément k present in species i. The
Lagrangian multipliers sarve to restrict the size of the corrections made to the numbers
of moles during the iteration process. Large corractions could lead to divergence. The
term inside the brackets in equation (8A.2) represents the fugacity of compornent i with
Y, and y; denoting the fugacity coefficient and molar fraction of component i. In case
of low total pressure, ideal gas behaviour can be assumed and the fugacity
coefficients can be set to unity,

In the above way n equilibrium equations and m material balance equations are
specified in order to solve the sams number of unknowns, i.e. n molar fractions, n,
and m Lagrangian multipliers, A, Solving this set of equations pemits the
determination of the squilibrium composition for a thermadynamic state specified by
an assigned temperature T and total pressure p,. Beside temperature and pressure,
the standard Gibb's snergy of formation as a function of temperature is neaded for all
species. If these data are not available, it is possible to use both the standard enthalpy
of formation and standard entropy at 288 K combined with the specific heat at
constant pressure as a function of temperature.
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Appendix 5B Input data for RRKM calculations

In this Appendix the frequencies with corresponding degeneracies, molecular
properties and RRKM parameters for reactant and transition state are listed for each
of the unimolecular gas phase reactions under consideration.

Tabla 58_1: Freguancies with corresponding degenaractas In paranthasas, malacular properties and ARKM
parameters of silaha and corresponding trangition state in the decomposition of silane inte silvlens and
molacular hydrogan (Roenigk ot al., 18587).

vibrational frequencies (cm™}

- silane 2187 2183 (3} 978 (&) 910 ({3)

- transition state 2108 2103 1228 993
B35 (2) 523 (&)

product of moments of
Inertia (10 amu® m%)

- silane 1.806
- transitioh state 2.012
criticat energy (kJ mol') 230.1
reagtion path degeneracy {-) ]
coilision diameter {10"'% m) 4,084
reduced mass (10°* kg mal™') 16,055

Tabile 5B.2: Fraquencies with corrasponding degensracies in parentheses, molecular properties and RRKM
parameaters of gilyisilylene and corresponding transition state In the isomarization of siyvisilylane to disilene
(Coltrin at al., 1983).

vibrational frequancies {(cm'')

- sitylsilylane 2056 (4} 923 (2) 874 71 426
381 () 121

- transition state 2056 (4) 231 (3) 874 711 381 (2)

momeants of ihertia (102 amu m?)

- silylsilylene 7.894 93878 96.050

- transiticn state 7.080 83.400 86.724

critical energy (kJ mol'} 22

reaction path degeneracy (-) 3

collision dlameter (107 m) 4.343

reduced mass (10 kg el 20.944




KINETICE IN THE FPRESENCE OF GAS PHASE REACTIONS 171

Table 5B.3: Fraquencies with corrasponding degeneracies in paranthasas, molecular proparties and RRKM
parameters of disitane and corregponding transition state in tha decomposition of disilana into sitane and

siiylens (Roonigk et &l., 1987),

vibrational frequencles (cm™

- digilane

- transition state

intarnal rotation disitane

- reduced moment of
inartia (10 amu m?)

- barrier (kJ mal'}
- symmetry nurmber

product of moments of inartia
(105 amu® m%)

- disilane

- trangition state

critical enargy (kJ mol™
reaction patn degeneracy (-)
collision diameter (107 m)

reduced mass (107 kg mol™)

2164 (8)

379 (2)

2142 (5)

147 ()

3.184

1.098
1.186
205.9
18
4,458
21.183

936 (5)

1585
128

844 628 (7) 482

955 (2) 926 (4 243 (2)

Table 5B.4: Frequencies with corrasponding degenaraclas in parentheses, molecular properties ard AAKM
parameters of disilane and gorresponding transition state in the decomposgition of disiiana info silylsilylena
and moiscular hydregen (Moffat et al,, 1998).

vibrationat frequencies {em™)

- disifane

- transition state

critical enargy {kJ mal")
reaction path degeneracy ()
colliston diameter (107° m)

reduced mass (107 kg mal"}

2184 (8)
379 (2)
2150 (4)
170
2230

6

4.456
21,183

936 (5)
128 (1)
1328

112 (2)

844 628 {2) 432

B74 (4) 456 (3) 322 (2)




Table 58.5: Frequencies with corresponding deganaraclas in parentheses, molacular properties and RRKM
parametars of rigitaneg and corresponding transition state in the decomposition of trisitane into disliane and

shiylena (Moffat at al,, 1992).

vibratiortal fraquencies (om "}

- Wishane

- transition state

critical energy (kJ moal™)
reaction path degeneracy (-)

0

collision diametar (107 m)

regucad mass (10™ kg mal'")

2150 {8)
135
2150 (7)
120 (4)
216.3

6

4,823
23.628

920 (7) 654 (%) ME {570 (B
121 (2)

953 (6) 630 (4) 2923 219
&1

Table 5B.6: Frequencies with corresponding degeneracies in parentheses, maolacular properiies rd RAKM
paramatars of trisilane and corresponding transition state In the decomposition of Irisilane into sifylsiiviene

and silane (Moffat et ar,, 1992).

vibrational frequanctes (cm™}

« trisilang

- transition stawe

critical energy (kJ mal"y
reaction path degenetacy (-)
collision diamater (107 m)

reduced mass (10™ kg mol")

2150 (8)
135
2150 (7)
121 (2)
2092

&

4,823
23.828

920 (7) 654 (3 413(3) 370 (D
121 (2)

958 (6) 612 () 3dg(d) 147 (2
69
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Appendix 5C Techniques uzed for identification of most important reactions

Sensitivity analysis

The sensitivity analysis discloses the changes of a response brought abaut by the
perturbation of the kinetic parameters, thus connecting the prediction of the mode! with
the rate coefficients of the reactions in the model. By definition, a linear sensitivity
factor of respons Y in experiment n with respect to parameter |, ¥, is calculated

according to:
. alny,
n aInb, {5C.1)

with b, the [th parameter.

In the present work sensitivity factors of the silicon growth rate and of the silane and
disilane molar flow rates at the reactor outlet are calculated after solving the complete
set of reactor model equations given by (2.39) to (2.45). The parameters considered
are the pre-exponential factors of the individual elementary steps.

Contribution analysis

The contribution analysis is a powerful tool for reaction pathway analysis. It determines
the relative importance of an elementary step with respect to the total formation or
disappearance rate of a species. The disappearance contribution factor of step k
towards the disappearance of component i in experiment n is calculated as the ratio
of the rate of disappearance of i resulting from step k, % to the total rate of
disappearance of i

d rkmd

D,
hin E rk,-,.,d (5C2)
K

Hare, r,° is equal to ¢, 7", when i appears on the left side of a reaction and to o, F,
when | appears on the right. In a similar way, the formation contribution factor is

calculated by using the rates of steps in which component i is formed:

r. f

Py = 5C.3
; Tl (6C.3)

with r.,.! is equal to o, 77, when i appears on the right side of a reaction and to o, F,
when i appears on the left,
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The: disappearance and formation contribution factors are considered with respect to
all steps of the complete reaction network. The summations in equations (5C.2) and
{6C.3) therefore run over all gas phase and surface steps. The reaction rates of the
contributing steps, 1, in mol &', are calculated after solving the complete set of
reactor model eguations given by (2.39) to (2.45). In cage of a gas phase siep, the
corresponding volumetric reaction rate, r, . in mol m™ s, is integrated over the gas
phase reaction volume by means of quadrature according te:

- M2

Ton = [.J_Irv.km dV = 4n Hs’ Z w. rmkin(‘l;cc) (564)
* A (et

In case of a surface step, the areal reaction rate, r, . in mol m* 5", is integrated over

the total deposition surface area aceording to:

z 2
fan = f_frn,kfn dA = AR Ay Lsnle = 4R Toilinn, (3C.5)
Ay

It should be noted that due to the occurrence of both surface and gas phase reactions,
the contribution analysis as described above inevitably encloses the ratio of deposition
surface area to gas phase reaction volume, Ac,/Vg, amounting to 1283 m”' for the
present reactor configuration,

Affinity

The value of the affinity of a reaction, A, provides direct information on the direction
in which the reaction proceeds and its approach to equilibrium. It is defined as the
Gibbs energy difference of the reaction with a minus sign. For elementary reactions
the following relation holds:

—
A = AT Ind (5C.6)
‘F‘-
The rates of the forward and backward steps are calculated after solving the complete
set of reactor model equations given by (2.39) to (2.45), in the same way as outlined
for the contribution analysis. The rate of a reaction and of the backward step can be
easily deduced from the affinity and the rate of the forward step according to;

=7 Bxp{—%] (5C.7)
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F=F -F =7 {1 - exp[—%_]] (5C.8)

in which A/RT is often referred to as the dimensionless affinity.
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LPCVD REACTOR MODELLING
AND SIMULATION

6.1 Introduction

The hot-wall multiwafer low-pressure chemical vapour deposition (LPCVD) reactor, first
introduced in the late seventies (Rosler, 1977), is the most common reacior for the
deposition of polyerystalling silicon from silane. it realizes a large packing density of
silicon wafers perpendicularly to the axis of the tube and an excellent layer thickness
uniformity across each wafer as well as from wafer to wafer.

To gain quantitative insights in the interaction of the mass transport phenomena with
the chemical reaction kinetics in such a reactor, several mathermatical reactor models
of different degrees of sophistication have been proposed up to now (Jensen and
Graves, 1983; Roenigk and Jansen, 1985,1987; Middleman and Yeckel, 1986, Wilke
et al., 1986; Joshi, 1987, Roenigk, 1987; Yecksl and Middleman, 1887; Vinante af al.,
1989; Yeckel et af., 198%; Hopfmann et al,, 1991; Azzaro &t al,, 1992,1804; Badgwell
et al, 1992a,b; Duverneuil and Couderc, 1892). The majority of thesa studies is based
on the pieneering work of Jensen and Graves (1883), Basically, the mode! developed
by these authors consists of a combination of two sets of one-dimensional, t.e. axial
in the annular zone between the reactor wall and the edges of the wafars and radial
in the interwafer zone, continuity equations for the species considerad, coupled to
each othor by the boundary conditions at the wafar edges. In & later paper, Roenigk
and Jensen (1985) exiended the original model concepts to encompass
multicompenent effacts by implementing the Stefan-Maxwell equations. The extended
mode! also allows an arbitrary number of gas phase and surface reactions. The
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nonlinear model equations are solved by orthogonal collocation (Finlaysoen, 1972).
Besides such simplified one-dimensional models, rmore sophisticated two-dimensional
models have been developed recently, treating the hydrodynamics and the mass
transport with chemical reactions in a more detailed manner, In order to reduce the
computational effort the modelling domain ig in general confined to a single interwafer
space and the corresponding annular space, situated somewhere in the middle of the
wafer section to eliminate possible effects from the upstream and downstréam ends
of the wafer load. Most of the assumptions postulated in the simplified one-
dimensional models are relaxed. The most comprehensive work in this field was
reported by Azzaro et al. (1994). The model developed by these authors consists of
the conservation equations of mass and momentum, which are solved using a Tinite
difference method and an implicit Gauss Seidel algorithm.

The present work reports on the degree of sophistication needed in the modelling to
adequately describe silicon growth in a commercial LPCVD reactor at operating
conditions that are industrially relevant, ie. total pressures arcund 50 Pa and
termperatures around 300 K. The applied rate equations were obtained by regression
of a set of Kinetic rate data collected with a microbalance reactor at similar conditions,
see Chapter 5. Four elementary gas phase reactions between six gas phase species
and ten elementary surface reactions are considered.

A one-dimensicnal two-zone and a fully two-dimensional reactor model are comparad,
In the former case the reactor is thought to consist of an annular zone between the
wafer edges and the reactor wall and of an interwalier zone. The corresponding model,
similar to that developed by Roenigk and Jansen (1985), consists of two seéts of one-
dimensicnal continuity equations for all gas phase componénts, One set allows to
calculate the concentration profiles along the axial coordinate in the annular zong,
white the other set allows to calculate the concentration profiles along the radial
coordinate in the interwafer zong. Coupling between both sets is accomplished by the
boundary conditions at the wafer edges. The model equations areé solved
simuitanaously by applying the method of orthogonal collocation. The fully iwo-
dimensional reactor model follows from the straightforward application of the
conservation laws of mass, momentum and energy. The corresponding equations are
solved by means of the control volume based finite difference methed of Patankar and
Spalding (Patankar, 1980). Multicomponent diffusion is accounted for by using the
Stefan-Maxwell equations in both models,

The validity of these reactor models i tested by comparing their predictions with the
experimental growth rate data obtained in a commercial LPCVD reactor, Of course no
adjustment of the kinetic parameter values is performed during the reactor model
validation. Once validated, the one-dimensional two-zona model is used 1o provide
insights in the effects of typical operating conditions such as interwaler spacing and
reactor tube radius on the interaction between the chemical reaction kinetics and the
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mass transport phenomena in an industrial-scale LPCVD reactor capable of
processing 200-mm wafers,

6.2 Experimental
6.2.1 Equipment and procedures

The growth experiments were carried out in a conventional hot-wall multiwafer LPCVD
reactor of the TEMPRESS type Junior at TNO-TPD Eindhoven. Figure 6.1 shows the
reactor configuration. As illustrated the reactor congigts of four distinct sections, from
front to back: 1) premixing section, 2) preheating section, 3) wafer section and 4)
downstream section. The premixing section is separated from the preheating section
by an insulation ring which serves to maintain uniform temperature control in the wafer
séction and prevents heating of the gas inlets. The preheating and downstrearn
sections are located immediataly upstream and downstream of the wafer section.
These are empty tube sections with lengths similar to that of the wafer section.
Reactant gases enter the reactor, mix in the premixing section, are heated in the
preheating section and then flow through the annular passage between the wafer
edges and the reactor wall before leaving the reactor.

Insulali In
sulatien Ring Thres 2ane furnace

—== Gases in Guartz Tube
UL Samar )
% ‘ Walars on support !

p——— Pramix =§‘ Praheat s Walar whe Downsitearn =

Figure 6.1: Schematic diagram of a conventional hot-wall multivafer LPCVD reactor
(Roenigk, 1987).

Table 6.1 summarizes theé important features of the geometry of the TEMPRESS
LPCVD reactor, The reactor consists of a 1.5 m long fused quartz reactor tube with
an inner diameter of 0,132 m, mounted within a thres-zone resistance heating
element. Temperature control of the heating zones is performed on the basis of
platina/platina(13% rhodium) (R-type) spike thermocouples. Temperature profiling is
based an chromel-alumel (K-type) thermocouples which are moved in axial direction
through the empty reactor at two radial positions, i.e. in the centre and c¢lose to the
wall. The three heating zones are tuned 5o that the entire wafer section exhibits radial
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as well as axial temperature uniformity within 1 K of the deposition temperature at the
pressures and total gas flow rates used during the deposition experiments. Vacuum
is maintained by a dual-stage rotary-vane mechanical pump (Leybold DE5/BCS). The
reactor pressure is measured with an absolute pressure transducer (MKS Baratron
222) and controlled, independent of upstream gas flow rates, via the exhaust rate of
effluent gases using a butterfly valve in the pump ling, The upstrearm flow rates of the
used gases, i silane (99.99%) and hydrogen (99.999%) both suppiied by Air
Products, are established with thermal massa flow controllers (Brooks 5850E),

Table 6.1: Geometrical features of the TEMPRESSE LPCVD reactor.

Reactor length Ly 0.94 m
Wafer section length L 0.29 m
Reactor tube radius R, 0.067 m
Walfer radius R, 0.05m
[Interwafet spacing A 001 m
Boat surface area/tube surface area 0 a1

First wafer in wafer section’ 0.32 m
Last wafer in wafer section” 061 m
MNurmber of wafars in wafer saction NRWF 30

The reactor length as specified hera comprises the preheating, the water and the
downstraarm section. The pramixing section is not included.

The axial positions of the first and fast wafer of the ivad are impoftant in case the
reactor modal accounts for the preheating and downstream sections.

A Q.38 m long fused quartz boat containing thirty-eight Q.10 m diameter silicon wafers
i5 mounted coaxially with the furnace axis. Thirty single-side polished {100} p-type
silicon wafers are positioned at equal distances of 0.01 m in the wafer section, with
the polished sides directed to the downstream end of the reactor tube. These
substrates were oxidized ex-situ to a thickness of 100 nim to facilitate post-deposition
layer thickness measurement. At the upstream and downstrearn ends of the boat, just
outside the wafer section, four dummy wafers are positioned at equal distances of
0.005 m. Thase wafers serve to amooth out axial and radial termperature variations
over the deposition wafers caused by radiative heat losses to the cooled reactor inlet
and outlet doors,
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6.2.2 Process conditions

In order to investigate the effects of tatal pressure and temperature in the range of
industrially relevant operating conditions for the deposition af polycrystalline silicon
from silane, a set of four deposition runs was performed at the conditions listed in
Table 6.2,

Table 6.2: Opsrating conditions of the experimental
runs performed in the TEMPRESS LPCVD reactor,

run P, T Qgin,
/ Pa /K / Nml min™
1 25 2900 20
2 506 850 80
3 50 900 a0
4 50 8950 80

" silane valumetric flow rata at inlat of reactor

6.2.3 Characterization of daposited layers

Layer thickness measurements were performed an the polished sides, i.6. the back
sides, of at rnost 7 monitor wafers in the 30 wafer load, i.e. wafer numbers (1), 5, 10,
15, 20, 25, (29), by means of intetferometry and ellipsometry. Deviations between
theose methods were within 5%. In the range of expetimental conditions applied, see
Table 6.2, the measured radial thickness variations were smaller than the experimental
accuracy. Silicon growth rates were calculated by dividing the measured layer
thicknesses by the corresponding deposition times. In addition, for each of the monitor
wafers a radially averaged growth rate was calculated as the arithmetic mean of all
growth rates measured on the wafer.

Figure 6.2 shows a typical scanning electron micrograph of the cross section of a
silicon layer deposited at 50 Pa and 200 K. On top of the 100 nm thick silicon dioxide
iayer the columnar structure typical of polycrystalline silicon is vigible.

The differentiatad Auger Electron Spectroscopy (AES) spectrur in Figure 8.3 shows
the presence of carbon and oxygen at the surface of a silicon layer deposited at 50



182 Low PRESSUAE CVD OF POLYCRYSTALLINE SILICON; REACTION KINETICS AND REAGTOR MODFLLING

Pa and 900 K. Other contaminants were ngt detected. AES depth profiling by
alternating cycles of argon-ion sputtering revealed that the presence of carbon and
axygen impurities is fimited to the topmost layers only. Beneath the topmaost layers the
concentration levels of these elements are below the detection limit.

Figure 6.2: Scanming electron micrograph of cross section of silicon layer
Magnification: 21900X. Deposition conditions: T= 800 K, p= 50 Pa, 100% SiH,, Qu, =
80 Nmi miri”,

6.3 Reactor models
6.3.1 One-dimensional twa-zone reactor model
6.3.1.1 Assumptions

The one-dimensional two-zone reactor mode| is hased on several assumplions, which
will be discussed in detail below. The dimensionless groups used are caleulated based
on the geometrical reactor features and process conditions listed in Tables 6.1 and 6.2
and on pseuda-first order surface reaction rate coefficients deduced from the kinetic
patameter estimates presented in Table 5.6.
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Figure 6.3: Differentiatad Auger spectrum of silicon
tayer. Daeposition conditions: T= 900 K, p= 50 Pa,
100% SiH,, Qg = 90 Nmi miri’. S11: elemental
sificon, S12: elemental sificon and silicon dioxide,
513: silicon dioxide, C1: carbon, O1: oxygen.

Whether or not all the reactor sections are needed in the mathematical model depends
primarily on the ongoing chemistry and kinetics. For ailicon growth a flattening of the
axial deposition rate profile is typically observed towards the downstream end of the
walfer section (Hitchman and Jensen, 1993). This behaviour implies negligible reaction
taking place in the downstream section relative to the wafer section. It also indicates
that the downstream section can be neglected by imposing a zero axial gradient
houndary condition on the molar fractions at the end of the wafer section as reflected
by the well-known outlet boundary condition put forward by Danckwerts (Danckwerts,
1953). Furthermors, effects of the premixing and preheating sections are omitted as
well. As long as no significant gas phase and surface reactiong occur prior to the
wafer seciion neglecting both upstream sections is justified (Hitchman and Jensan,
1893}, The model developmant hence reduces to the description of the performance
of the wafer section only. Figure 6.4 shows a schematic representation of the reactor
configuration considered in the one-dimensional two-zone model, The wafer section
consists of an annular zone between the wafer adges and the reactor wall and of an
interwafer zone containing the silicon wafers. These zones consist of (NRWF-1)
annular and interwafer spaces, respectively,

Depending on the relative magnitude of the mean free path of the gas phase
molecules and the characteristic dimension of the reactor as reflected by the Knudsen
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nurnbar, Kn= Tm/d, the fluid flow can be in the continuum regime, Kn < (.1, in the
Knudsen or so-called free-molecular regime, Kn = 10, or in the transition regime, 0.1
< Kn = 10. For the pregent conditichs the mean free path length is at most 7 10™ m,
which implies that even in the interwafer region, with a characteristic dimension of 1
10° m, the transport phenomena are in the continuum regime where colligions
between gas phase molecules only dominate. Mence, a continuum description is
allowed,

Since the time scales of convection and diffusion are short compared to that of silicon
growth, the reactor is assumed to operate under steady state conditions, thereby
eliminating the nead for the accumulation terms in the continuity equations of the gas
phase species.

Based on the low total pressures applied ideal gas behaviour is considered,

gnoular 2ong
inferwater zane

| wafer section ,

Figure 6.4: Schematic representation of the two zones considered in the one-
dimensional two-zone reactor model,

For the relatively low growth rates achieved in LPCVD reactors, the heat of reaction
associated with the gas phase and depositfon reactions is small in comparison with
the furnace heat flux. Moreover, thermal entrance lengths are short relative: to reactor
lengths (Roenigk, 1987). Hence, the wafer and gas temperatures might be expected
to closely follow the tube wall térmperatures as determined by the furnace setlings, and
the wafer section can be considerad isothermal. On the above grounds an energy
balance is redundant (Roenigk, 1987},

The Reynalds number for the annular zone, given by Re= pu{R-R, )/, is roughly equal
to 0.1, which is well below the value of 2300 reflecting the transition point betwaen
farninar and turbulent flow, The gas flow is thus highly laminar. Middleman and Yeckel
{1986) showed by gimulating the gas flow past the wafer edges in two dimensions that
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for deposition rates commonly encourntered in LPCVD reactors details of the gas flow
have no significant impact on predictions of interwafer growth rate and uniformity for
Reynolds numbers as large as 25, This is primarily the result of the large diffusion
coefficients af the low pressures employed leading to diffusivé mass transport
dominating over convective mass transport. Moreover, the relatively close wafer
spacing combinad with the fast diffusion implies that effects from recirculating eddies
near the wafer edges are insignificant and that the mass transport between the wafers
is governed by multicornponent diffusion only. According to Vinante et al, (1988) the
hypothesis of a purgly axial movement in the annular zone and of a motionless gas
in the intarwafer zone is not far from the real situation. Since the flow field in the
interwafer zone is hardly influenced by the flow field in the annular zone (Middleman
and Yeckel, 1986), a flat velocity profile is assumed in the latter. Furthermore, the
reactor is considered isobaric, hecause no significant pressure drop over the reactor
is expected at the low pressures employed. Baged on the foragoing points the Navier-
Stokes or momentum conservation equations do not need to be solved,

The Peclet number, Pe= ul/D, for axial mass transport in the annular zone is roughly
equal to 1. Because this dimensionless numbeér is a measure for the importance of
diffusive mass transpon relative to convective mass transport, it is obvious that both
convection and diffusion determine the axial mass transper in the annular Zone. The
axial diffusion reduces the variation in reactant concentration and hence improves the
layer thickness uniformity along the reactor.,

The Damkéhler-ll rumber, given by Da,= kd*/D, relates the time scale of diffusional
mass transport to the time scale of surface reaction. In this expression k, denotes a
pseudo-first order surface reaction rate coefficient and d some characteristic
dimension, being equal to A in the interwafer zone and to (R-R,) in the annular zone.
With respect to silane no concentration gradients are expected in gither the axial
dirgction of the interwafer zone or the radial direction of the annular zone. The
Damkahler-I number for silane is much smaller than unity in both zones. It should be
noted that the existence of radial concentration gradients in the annular zone not only
depends on the magnitude of the Damkéhler-ll number but also on the magnitude of
the Peclet number for radial mass transport. A large value of this mass Peclet number
may induce radial gradients despite a small value of the Damkdéhler-li number. Due
to the small A/R,, ratios typically used in LPCVD reactors, axial concéntration gradients
in the interwafer zone are in general insignificant provided the corresponding
Damkdhler-ll number is small. On the basis of the foregoing considerations
concentration gradients in the axial direction of the interwafer zone and in the radial
direction of the annular zone are not accounted for,

Finally, the gas flow is supposed to be axisymmetric, thereby neglecting possible
effects induced by the assymetry of the wafer boat, and the wafers are considered
infinitesimally thin.
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6.3.1.2 Equations

In the following the one-dimensional model equations for the interwafer and annular
zone are described together with the equation used for the calculation of the radially
averaged silicon growth rates,

Interwafer zone

The continuity equation for component i has the form;

1 d w2 e il
_.FE' (rN;") = KEVm’irﬂ'm * ;Vk‘irmk (61)

Here A is the interwafer spacing; N, the molar flux of component i; r the radial
coordinate; v, . the stoichiometric coefficient of gas phase species | in surface step m;
fa.m the rate of surface step m; ns the number of surface steps; v, ; the stoichiometric
coefficient of component i in gas phase step k; r,, the rate of gas phase step k; ng the
number of gas phase steps. The superscript w denotes the interwafer zone. The first
term at the right-hand side includes the heterogeneous net production rates of
component i at the wafers. The second term denotes the homogeneous net production
rate of component i. Symmetry at the reactor axis and ¢ontinuity of the molar fractions
from the wafer edge to the annular zone are expressed by the boundary conditions:

0 N =0 62)

r=R, y" =y° (6.3)

with R, the wafer radius; y, the molar fraction of component i. The superscript a
denotes the annular zone. Multicomponent diffusion effects are accounted for by the
Stetan-Maxwell equations (Bird et al., 1960):

dyiw - E y:'w N;W - ij N (6.4)
dr jui CD‘,J

relating the molar fluxes of all components in the mixture to the concentration
gradients of all components. Here C is the total gas phase concentration (= p/RT)} and
D;; the molecular diffusion coefficient of gas phase species i in a binary mixture of |
and j. The binary diffusion coefficients are calculated vsing the Chapman-Enskog
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relationz (Reid ef al, 1887). Since the molar fractions must surm up to unity, i1.&.:

NG
Yyr=1 (B.5)
i
there are for an ideal gas mixture containing NG components (NG-1) independent
Stefan-Maxwell equations.
The model equations for the interwafer zone thus consist of a set of (ZNG-1)
independent first-order ordinary differential equations and one algebraic equation with
the molar fraction " and the molar flux N;* as dependent variables.

Annular zone

The continuity equation for component i has the form:

an’ 2 s ng ©.6)
L I = N & B v ...+ AR N". + v, .F -
dz Hr'? —Hj r( )mE-l itam w 'Y |r‘ﬁw g Rtk

Here z is the axial coordinate; R, the radius of the reactor tube; « the ratie of boat-to-
tube surface area. The first term at the right-hand side includes the heleregeneous net
production rates of component i at thé tube wall and the cartier boat and the molar
flux of component i toffrom the interwafer zone. The molar flux of component i to/from
the interwafer zone, N*|..; . is obtained by integrating the continuity equation for the
interwafer zone, equation (6.1}, over the wafer radius according to:

a i
Vo tam * Vefue | P AP

miam
-1

£=l

(6.7)

01z

1 A
Niwlr..qw = " _r

2
5 |8

3

ES

Continuity of the molar fluxes across the inlet to the waler section is expréssed by
z=0 N =4y Cyp (6.8)
with the molar average velocity at z= 0 obtained from:

NG

T__Yao

- ) {6.9)
T (Hre - 5’5) Ao

Uy = 5.6610°

In case gas phase reactions are involved, the molar fractions of the produced gas
phase intermediates at z= Q, y" . are determined by applying the pseudo-steady-state
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approximation for these intermediate species. Furthermore, it is assumed that no
diffusion takes place across the plane at the end of the wafer section:

2t Py (6.10)
dz

which implicitly means that negligible reaction occurs downstream of the wafer section.
Equations (6.8) and (6.10) are known as the Danckwerts boundary conditions
(Danckwerts, 1853) applying to a closed vesgsel, i.a. plug flow is assumed to be the
only mode of mass transport in the connected inlet and outlet tubes. Multicomponent
diffusion effects are again accounted for by (NG-1) independent Stefan-Maxwell
aquations:

dy,-"' _ E yia Ma _ y,‘& N,R 6.11)
dr Jai GD"-."

which need to be supplermented with one algebraic equation o sum up the molar
fractions to unity:

EMH - (61-?)

The model equations for the annular zone thus consist a set of (2NG-1) independent
first-order ordinary differential equations and one algebraic equation with the molar
fraction y7 and the molar flux N as dependent variables.

Radially averaged silicon growth rate

Aftar solving the complete set of model equations, the radially averaged silicon growth
rate is obtained from:

(6.13)

with Ag(r) the silicon growth rate on the wafer at radial position r. The integrai in thig
equation is determined using a quadrature formula, as will be shown later.
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6.3.1.3 Solution procedure

The mathematical problem is built up of two one-dimensional boundary value
problems. It consists of the integration of two sets of (2NG-1) nonlinear firsi-order
ordinary differential equations with carresponding boundary conditions, i.e. equations
(8.1) to (6.4) for the interwafer zone and equations (6.6), (6.8), (6.10) and (6.11) for
the annular zone. The above sets are coupled through the boundary conditions at the
wafar edges, giver by equation (6.3), and the molar fluxes to/from the interwafer zone
fegturing in equation {§.6). To integrate the complete set of 2{2NG-1) differential
equations with corresponding boundary conditions, 6th order onthogonal collocation
{Finlayson, 1972) was applied in both the r-direction of the interwafer zone and the z-
direction of the annular zone, see Appendix 6A. n this way a set of (2NG-1)(M+N+4)
independent algebraic equations is obtained, M and N being the number of interior
collocation points in the r- and z-direction. Together with the (M+N+4) additional
conditions stating that the sum of the molar fractions at each collocation point heeds
io be unity, a total set of 2NG(M+N+4) algebraic equations is obtained, which are
solved simultaneously using a modified Newton-Raphson method in the standard
NAG-library routing COSNBF (NAG, 1991). A typical reactor simuiation requires a
CPU-time of 30 minutes on a Silicon Graphice Power Challenge Computer.

6.3.2 Fully two-dimensional reactor model
£.3.2.1 Assumptions
The fully two-dimensional reactor model is based primarily on some general

assumnptions, which have already been discussed in detail in the context of the one-
dimensional reactor model:

the gas mixture is assumed to behave as a continuum

the gases are considered to be ideal gases

- the gas flow in the reactor is assurned to be stationary and laminar
- the gas flow is considered to be axisymmetric

Figure 6.5 shows a schematic representation of the reactor configuration considered
in the fully two-dimensional modsl. The effects of the premixing section are lumped
inta the treatment of the preheating section. The model development thus involves the
description of the performance and coupling of the preheating, the wafer and the
downstream sections. Comparad to the one-dimensional twa-zone reactor model the
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madelling domain is expandad so that the inlet and outlet boundaries are removed
from the wafer section. In this way possible effects associated with the idealised inlet
and outlet of the simplified one-dimensional model, see equations (6.8) and {(6.10), are
minimized.

annular _2one
Intgrwarer zone

| preheating | wafer sechion | dewnstream E
section s | section

| I | [

Figure 6.5: Schernatic represemtation of reacior configuration considared in the fully
two-dimensional reactor model.

The annular and interwafer zones consist of (NRWF-1} annular and interwafer spaces.
Each interwafer space in turn consists of a silicon wafer 5 107 m thick and the gas
phase volume located downstream of it

6.3.2.2 Equations
In the following the two-dimensional model equations representing the conservation
of mass, momentum and energy are given. The general derivation and form of these

aquations is given in standard references on transport phenomena (Bird st al., 1860;
see glso Kleijn, 1991),

Continuity eqguation for the gas mixture

14 . @ , 6.14
_rm(rpu,) E(pur‘.) 0 (6.14)

with » the density of the gas mixture; u, and u, the mass average velocily components
in radial and axial direction.
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Navier-Stokes or momentum balance egquations

1 9 2 19 a1,  dp,

T - -1 A -0 (6.15)
TS {puu) - Uy - - () -2 -

12 2 13 0T, ap, _ (6.16)

7 Pt g ) - g et m g7 7O

where p, is the total pressure; 1., 1, and 7, the normal and tangential {or shear)
viscous stress tensor compeonants, for Newtonian fluids defined as:

) du, 2 |19 Lo, (6.17)
K T i”[—rm‘“‘f’ az]
_ 9, 2 113 au, (6.18)
G T TEh 5”(";,37"“” az]
T R (6.19)
rr 2" u ar az

with p the dynamic viscosity of the gas mixture.

Energy equation

_ l1 d . d 1 g aT . d ol _ .20
2, _r:ﬁ(rpurT) E(pu"’n}*—rﬁ[mﬁ_] 53[7\5] 0

with T the absolute temperature; ¢, the specific heat capacity at constant pressure of

the gas mixture; A the thermal conductivity of the gas mixture. Heat effects associated
with gas phase reactions are neglected.
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Continuity gquation for gas phase componeant i

14 . ? . o
--_ri(rpu,m;»«r;,‘,) - é(puzm, ) M,; Vol =0 (6.21)

where @, is the mass fraction of component i; M, the molar mass of component i; j,
and j,. the diffusive mass flux components in radial and axial direction due to
concentration gradients. The so-called Soret effect, causing diffusion fluxes as a rasult
of temperature gradients, has beaen neglected. In an NG component gas mixture there
are (NG-1) independent continuity equations of the form of equation (6.21) since the
mass fractions must sum up to unity:

Yo =1 (6.22)

In case of ordinary diffusion in a multicompanent gas mixture the diffusive mass fluxes
can be calculated from the Stefan-Maxwell equations in terms of mass fractions and
mass fluxes (Kleijn, 1991}

D, p BE . f 0
0w, Lemy - Mg B G (6.23)
Jr dr P MDD,
oy a M iy maj:_ﬂ"’ju

e, L gamy = Dy 2T (6.24)
a2z Az p v MD,

with M the average molar mass of the gas mixture. The diffusive mass fluxes must
sum up 10 Zern.

Transport properties of gas phase spacies and mixture

The binary diffusion coefficients as well as the transport properties of the Individual
gas phase species are calculated from the Chapman-Enskog kinetic theory of gases
{Hirschfelder et &/, 1967). Serni-empirical mixture rules (Kleijn, 1301} are used 1o
calculate the transport properties of the gas phase mixture as a function of
temperature, total pressure and gas phase composition.
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Boundary conditions

In order for the above set of equalions to have a unique solution, boundary conditions
must be specified for the velocity components, the species concentrations and the
temperature in the inflow and the outflow of the reactor, on the reactor walls and on
the wafer surfaces:

T, M
z=0 A O<r=A, w,=56610°_° Y Q, wus=0, T=7,,
TR P,y
"o (6.25)
aT . o MQ .
;\'E_O’ ml_—N‘é“"_"" J'F.z‘o
3 mMa,
=1
] aT .
=L /\\ Q<r R —pu =O‘ ur=0' ?L—=D. . :O )
z=l, <r<f az(p ) ~ iz {6.26)

ng

NG
(Owzst, V L<z=l,) A r=R wu,=0, u,=.1.EM,2:vwra.m,

4

& et =t
(6.27)
ns
?\,H=D , purmﬁ*f,-fM,EVmirnm
ar ' ma1 o
1 NG ns
tyezel, N r=R  u,=0, w="3MYv .r. ., T=T,,
[A M1 S
(6.28)
]
puoy s =MI v, r .
me1
1 NG N8
z=z, A O<r<R, u=—_YMY¥Yv,r,. u=0, T=T,,
[0 mat
(6.29)

e

Y 'u."m: +J‘J.: = Mi Z Vm.ira‘m

flinl

The boundary conditions defined on the reactor walls and wafer surfaces need some
further explanation. At these solid boundaries, the net total mass flux of species i
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normal to the surface is balanced by the net mass production rate of species i on the
surface:;

n- (pﬂmz +J'1 M Z VoriTam (6.30)

with n a unity vector normal to the surface. The total net mass flux normal to the
surface is abtained by summing equatian (6.30) over all gas phase species. Since all
mass fractions surm up to unity and all diffusive mass fluxes to zero, the velocity
compenent harmal to the surface becomes:

13

N3
E‘ }: Vonifam (6.31)

mr!

Furthermore, the usual no-slip boundary conditions are assumed to hold on all solid
surfaces. The wall and wafer temperatures inside the wafer section are supposed to
be fixed by the furnace setting, whereas the walls outside the wafer section are
assumed to be adiabatic. Heat effects associated with surface reactions are neglected.
Besides all boundary conditions mentioned above, an additional constraint has to be
fulfilled, i.e. the total pressure must be specified at one paricular point inside the
reactor. Hence, a total pressure equal to p,, is prescribed in the outlet of the reactor.

Radially averaged silicon growth rate

After solving the complete set of model equations, the radially averaged silicon growth
rate is obtained from equation (6.13). The integration is carmed out by a stepwise
summation according to:

A (r rt
. E f" ) (6.32)

n

with r, and r,, the radial positions of the north and south wall of the jth control volurne,
and R, the silicon growth rate in the enclosed grid point,
£.3.2.3 Solution procedure

The governing set of coupled non-linear partial differential equations  with
corresponding boundary conditions is solved by means of the controf volume based
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finite difference method of Patankar and Spalding (Patankar, 1980) using the Fortran
computer code CVDMODEL deveioped by Kleijn (Kleijn, 1981). For a detailed
description of the theoretical background of the implemented numerical techniques,
the reader is referred to the above mentioned references. Here, only the essantial
features relavant for the present calculations are given.

The equations are discretized on a non-uniform, cylindrical grid with 267 grid points
in the axial direction and 22 grid points in the radial direction. Near the wafers and the
wall, the grid is locally refined in order to accurately capture the concentration
gradients of the gas phase intermediates. The resulting matrix equations are seived
iteratively using the line-by-line TDMA and two-dimensgional plane-TDMA {= Tri-
diagonal Matrix Algorithm) methods (Patankar, 1980; Kleijn, 1981). To verify the
convargence of the iterative solution procedure, four criferia are used: (i) the error in
the global mass balance, <1%; (i) the error in the global mass balance for each of the
gas phase species, =1%; (iii) the rasiduals of the equations (absolute values, summed
over the grid, normalized by a characteristic value for the variable and normalized by
the number of grid points), <10°%, except for the residuals of the energy eguations, <10
® and (iv) the relative changes of the variables from one iteration to the next in a
representative monitor point, «10°. The monitor peint is located in the annular zone
near the outlet of the reactor. More severe convergence criteria than applied did not
change the calculated deposition rates significantly. A typical reactor simulation
satisfying the above convergence criteria requires approximately 7000 iterations
corresponding to a CPU-time of about 10 hours on a Silicon Graphics Power
Challenge Computer,

6.4 Kinetic model

The kinetic model used has been developed by modelling of a large set of kinetic
experiments performed in the range of industrially relevant operation conditions for the
deposition of palyerystalline silicon, see Chapter 5. It consists of four elementary gas
phage reactions coupled to ten elementary surface reactions, see Table 6.3.
Surface reactions (10} (o (12) are assumed to proceed instantaneously while all other
reactions are congidered kinetically significant. Hence, besides the gas phase species
hydrogen, silane, silylens, disilane, disilene and silylsilylene, hydrogen adatoms form
the only kinetically significant surface species.

Foliowing the law of mass action for the rates of the forward and reverse steps of the
elermentary gas phage reactions (1) to (4), the homogenecus net production rates of
the above gas phase components are given by:
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iy ng NG
E Vk‘.r ru‘k B Z Vk.;‘ k;; H C,vk‘ﬁ (6.33)
ad k-1 1

with k, the rate coefficient of gas phase step k; C, the gas phase concentration of
component i; NG the number of gas phase cormponants, The rate coefficients of the
unimolecular steps (1), (-2), (3) and (4) are calculated using the empirical relation
given by equation (5.30). The rate coefficients of the reverse steps are calculated from
thermodynamics,

The calculation of the heterogeneous net production rates of the above gas phase
species is less straightforward. The complexity of the surface reaction network does
not allow a straightforward derivation of closed kinetic expressions relating the silicon
deposition rates from the individual silicon containing gas phase species to gas phase
concentrations only. The dual-site adsorption mechanisrms give rise to third order
algebraic equations from which no simple analytical expression for the surface
concentration of vacant sites can be deduced. Hence, this concentration is obtained
nurnerically. According to the kinetic model presented in Table 6.3 the steady state
mass balarnce for hydrogen adatoms is given by, see also equation (5.26):

Lf Lf
4k, C,, - 2k, Copp L, + 2K Coppy b = 4Ky Crp gop—— L
(6.34)
L2 EkliiKH’cH’ [":,
+ 4k, CH (Sigity 2kaly, hL—E

t 114

Substitution of the additional expression relating the concentration of hydrogen
adatoms with that of vacant surface sites, i.e. L= L,-L., yields the following third order
equation in L.

gl v aLl+al +a, =0 (6.35)

with the coefficients a, to a, given by:

4 k c“-’»‘JH 4 kB GH SiSiH 4 RQ CH S15it,
a, - - e Tt (6.36)

’ t ’

2 - Ak Csm‘, 4k, CHSS!SIH T 4k CH:,S;SEH.',

(6.37)
Ekecswz - QRICSFEHB - 2k,3 ! zkISKHCH?
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137t

= 2k Co Ly + 2k, Gy L, + 4hygL (6.38)

a, = ~2k,Lf (6.39)

This third arder equation is solved with the NAG-library routing CO2AGF, which uses
a variant of Laguerre's method to find the roots of a real polynomial equation. This
routine has been linked to both the one-dimensional two-zong and the fully two-
dimensional reactor model. The polynamial equation given by (6.35) yields three real
solutions for L., only one of them lying between zero and L. This value of L. ig
subsequently used to calculate the heterogeneous net production rates of the silicon
containing gas phase species following the law of mass action for the rates of
adsorption reactions (5) to (9):

ng ns NG NG
E VmJ rn‘m = E Vmi km ]:[ ijm"l H L!an,i (640)
mui m=1 4 i1 =

with L, the concentration of surface companent |, NS the number of surface
components; v | the stoichiomeatric coefficient of surface component | in surface step
m; k, the rate coefficiant of surface step m, expressed in Arrhenius form. The
heterogeneous net production rate of molecular hydrogen is calculated from those of
the silicon containing species using the stoichiometry of the global deposition paths,
see Table 5.2,

After salving the complete set of governing equations of either the ene-dimeansianal
twa-zone or the fully two-dimensional model, the silicon growth rate is calculated from:

St M&-F L'E
E m5f am F— k CSIH + kﬁ S,f-l2 k? CSleG L~
ps, m= ps,
(6.41)
L? L:

+ 2k C

— +2
Ho SIS L ky C HaSiitty T L,

with Mg, and pg; denoting the molar mass and the density of solid silicon, i.¢. 28.086
10° kg mal™ and 2.33 10° kg m™, respectively.
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Table 6.3: Elementary reaclions and corresponding kinetic parameter values

considered in the gas phase (1-4) and on the silicon surface (5-14).

Gas Phase Reactions /s ar ,—?3 mol" s’ / k\JE;.ﬂol '
SiH, = SiH, + H, 1.28 10" 2158 (1)
8iH, + SiH, = Si,H, 3.53 10° 163.3 (2}
SiHg = H,SiSiH + H, 9.68 10° 180.6 {3)
H,SiSiH = H,8iSiH, 6.02 10° 4.2 (4)

A E,
Surface Reactions {8 m* mol' & / kJ mal
or m* mol '
SiH, + 2° — SiH," + H* 3.89 10° 0.0 {5)
SiH, + * — SiH," 1.76 107 0.0 {6)
Si,H, + * — SiH, + SiH,* 1.23 10° 0.0 (7)
H,SiSiH + 2* — 28iH,* 1.25 107 0.0 (8)
H,Si8iH, + 2* — 25iH," 1.25 107 0.0 (9
SiHy" + " — SiH," + M* potentially instantaneous (10}
SiH)" + " — SiHY + H* potentially instantanaous (11)
SiH* — Si(s) + H* potertially instantaneous (12)
H* = H & 4.47 10" 188.4 (13) "

H +H = H, +~ 8.99 107 -360.6 (14)

The Arrhenius parameters listed apply to the forward steps of reactions (1), (3) and (4) and to the
reverse step of reaction (2). The rate coefficients of thase reaction steps nead to ba calculated from
equation (3.30) using a collision efficiency equal to 0.3 for hydrogen and 1.0 for the other gas phase
species and tha prassure correction constants as listed in Table 5.4, The rate coetticients of the
reverse steps are calculated from thermodynamics, see equation {5.31).

The Arrhenius parameters listed apply 1o hydrogen adatom excitation.

The values listed are the pra-exponential factor and the change In standard enthalpy for the
dissociative adsorption of molecular hydrogen. The corresponding aquilibnum cosliciant
axpressed in Van 't Holf form, see equation {5.25).
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6.5 Validation and assessment of reactor models

The validity of the one-dimensional two-zone and the fully two-dimensional reactor
models is tested by comparing their predictions with the experimental growth rates
obtained in the range of operating conditions as ligted in Table 6.2. Figure 8.6 shows
that both reactor models adequately describe the radially averaged axial growth rate
profiles over a broad range of temperatures at 50 Pa. The effect of total pressure is
simulatad adequately as well. This is shown in Figure 6.7 where the silicon growth rate
is plotted versus the axial reéactor coordinate at 800 K and pressures of 25 and 50 Pa.
Within the complete range of experimental conditions, the calculated radial non-
uniformities are smaller than the experimental accuracy of the layer thickress
measurameants,
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Figure 6.6: Radially averaged silicon Figure 6.7: Radially averaged silicon
growth rate versus the axial reactor growth rate versus the axial reactor
coordinale. Dashed lines: fully two- coordinate. Dashed fines: fully two-
dimensional rmaodel. Full lines: one- dimensional modal, Full lines: one-
dimensional two-zone model. Points. dirnensional two-zone model, Points:
experiments. Conditions: Qg = 90 experiments. Conditions: Qgy = 90
Nmi min'’, 100% SiH,, p= 50 Pa. Nmi min’, 100% SiH,, T= 900K.
+T=850K 0 T=800 K, o T= 950 K. + p= 25 Pa, 0 p= 50 Fa.

Clearly, both the one-dimensional two-zone model and the fully two-dimensional model
adequately describe the experimental growth rate data along the axial coordinate. The
much higher degree of sophistication applied in the fully two-dimensional model thus
seems to be redundant. In the following part the additional simplifications made in the
development of the ong-dimensional two-zone model will be discussed,
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The calculations with the fully two-dimensional model revealed temperature uniformity
within 0.2 K in the interwafer zone and a negligible total pressure drop across the
reactor. The largest pressure drop relative to the reference pressure prescribed in the
outlet of the reactor was calculated for 25 Pa and 900 K and amounted (o 1.3 Pa. In
general, a small pragsure drop takes place across the wafar section, determined
largely by the size of the annular zone cross-sectional area (Coronell and Jensen,
1892). The above congiderations clearly justify the assurnptions concerning isothermal
and isobaric operation used in the development of the one-dimensional two-zone
model.

Figure 6.8 shows a typical profile of the axial mass average velocity component versus
the radial reactor coordinate at 50 Pa and 900 K midway belween two successive
wafers, i.e. at z= A/2. Clearly, the gas mixiure is motionless in axial direction between
successive wafers. The axial valocity components associated with the so-called Stefan
flow, caused by the non-equimolar ¢counter-diffusion, are too small in absolute sanse
to be captured in this figure. The radial velocity component on the other hand is
pragtically zero everywhere, except at the immediate vicinity of the wafer edges.
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Figure 6.8: Axial mass average velocity — Figure 6.9: Radial mass average velocity

componant versus the radial reactor component versus the axial coordinate

coordinate at z= A/2, Calculated with between two successive walers at

fully two-dimensional model. Conditions:  different radial positions. Calcutated

Qg = 90 Nmi miri’, 100% SiH,, p= 50 with fully two-dimensional model.

Pa, T= 200 K. Conditions: Qg = 90 Nmif min”, 100% .
SiH, p=50FPa, T=900 K, 0 r=4.8310°
m, + r=50010°m, 11r= 515 10" m.
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In Figure 6.9 the radial mass average velocity component is plotted versus the axial
position betwaen two successive wafers at 50 Pa and 900 K for different radial
positions. Thege profiles show a radial gag entrance immediately downstream of the
first wafer and the corresponding radial gas exit just upstream of the second wafer,
However, the small value of the radial velocity component at 4.83 10 indicates that
this gas circulation is confined to the outer 2 mm of the interwafer zone only. The
above considerations validate the hypothasis of a purely axial gas movement in the
annular zone and of a motionless gas in the interwafer zone as postulated in the
development of the one-dimensional two-zone model.

Figure 6.10 shows the caiculated silane molar fraction profiles versus the axial reactor
coordinate at 50 Pa and the three considered temperatures, i.e. 850, 900 and 950 K,
The dotted vertical lines reflect the boundaries of the wafer section. Table 6.4 lists the
values of the silane conversion at the entrance and exit of the wafer section, as
calculated using the one-dimensional two-zone model.

[434] * * * *
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Figure 8.10: Silane molar fraction versus axial
reactor coordinate at different temperatures.
Dashed lines: fully two-dimensional madeal.

Full lines: one-dimensional two-zone model.
Conditions: Qg = 90 Nmf min’, 100% SiH,,
p=50Pa + T=850K 0o T=900K OT=950K

Clearly, the agreement between the silane molar fraction profiles calculated using the
one-dimensional two-zone model and those obtained with the fully two-dimansional
model is satisfactory. This underlines the correctness of omitting the preheating and
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downstream sections and of using the Danckwerts boundary ¢onditions in the one-
dimensional two-zone model. The Danckwarts entrance boundary condition, given by
equation (6.8), leads 1o a significant step change in composition at the wafer section
entrance. This concentration discontinuity results from the allowance of diffugion on
the downstream side of the boundary but not on the upstream side of the boundary
and, hence, confirms the relative importance of axial diffusion in the annular zone. In
case convection was the only mode of transport, a silane melar fraction equal to one
would have baen calculated at the same point. The axial diffusion thus reduces the
variation in reactant concentration and, hence, improves the layer thickness uniformity
along the wafer section.

Comparison of the results shown in Figures 6.6 and 6.10 reveals that changes in the
molar fraction of silane have no large impact on the silicon growth rate. This is
consistent with the rather low partial reaction order of silane determined in Chapter 3.
Depending on silane space time and feed composition, the partial reaction arder varied
between 0.28 and 0.44 at 900 K.

Table 6.4: Silane conversion at the entrance and exit

of the wafer section versus temparature. Calculated with
the one-dimensional two-zone model. Conditions: Qg -
90 Nml min”", 100% SiH,, p= 50 Pa.

T/K Xgp, / %o
entrance axit
850 8.6 11.2
900 28.7 37.0
950 587 74.2

The full lings in Figures 6.11 and 6.12 represent typical molar fraction profiles of
silylene and disilane calculated at 50 Pa and 900 K using the fully two-dimensicnal
model. The malar fractions are plotted as a function of the radial reactor coordinate
for different axial positions between two successive walers located in the middle of the
wafer section. These results clearly demaonstrate the existence of significant variations
in the silylene and disilane maolar fractions, from high values in the annular zene to
much lower values in the interwafer zone. These differences can be linked 1o the
differemt surface-to-volume ratios of the annular and interwafer zone. Mass transpor
effects are of minor importance in this context, as will be shown later. Note that
silylene and to a lesser extent disilane show significant ¢concentration gradients in bath
the axial direction of the interwafer zone and the radial direction of the annular zone.



LPCVD AEACTOR MODELLING AND SIMULATION 203

125 400
15t | 375}t
1
350 |
‘?3 1G5 33
T - 325
0.05
g g 3601
= =
QB pe—t—e 278
075 " : : : 250 " : : :
000 223 447 870 0.00 223 4.47 670
¢/ 107 m r/o10® m
Figure 6.11: Silylene molar fraction Figure 6.12: Disilane molar fraciion
versus the radial reactor coordinate versus the radial reactor coordinate
at different axial positions. Fulf at different axial positions. Full
lines: fully two-dimensional model, lines: fully two-dimensional model,
Dashed lines: one-dimensional two- Dashed lines: one-dimensional two-
zone model. Conditions: Qg = 90 Nl zone model. Conditions. Qg,, = 90 Nrmi
min’', 100% SiH,, p= 50 Pa, T= 900 K. min’, 100% 8iH,, p= 50 Pa, T= 900 K.
oz=1.0and 8.5 mm, 0 2=23 and 8.2 Oz= 1.0 and 9.5 mm, + 2= 525 mm.

mm, + 7= 525 mm.

The molar fraction profiles of the two SijM, isomers, not shown, exhibit similar
gradients as silylene in both directions. Silane on the other hand, being much less
reactive than the above mentioned gas phase intermediates, has completely flat
profiles. Although the one-dimensional two-zone model does not account for these
concentration gradients of the gas phase intermediates, silicon growth rates calculated
using this strongly simplified reactor model do not significantly differ from those
calculated using the fully two-dimensional model, see Figures 6.6 and 6.7, This is
caused by the relatively small contribution of the reactive intermediates to the silicon
growth rate. At 50 Pa and 900 K the average contribution of the most important gas
phase intermediates, i.e. silylene and disilane, amounts to roughly 20%. Furthermore,
the dashed lines in Figures 6.11 and &.12 show that the radial molar fraction profiles
of silylene and disilane calculated with the one-dimensional two-zone model roughly
fall in between those calculated with the fully two-dimensional model at the different
axial positions. Hence, the use of the one-dimensional reactor model results in molar
fractions at the surface that are only slightly different from those calculated with the
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two-dimensional reactor model. Gonsequently, the errors in the calculaled wafer
growth rates introduced by neglecting the concentration profiles in both the axial
direction of the interwafer zone and the radial direction of the annular zone are
typically less than one percent only. The difference beétween the radially averaged
growth rates predicied by these models will thus be less than one percent as well,
Based on these considerations, it can be conciuded that even under conditions where
20% of the silicon growth originates from gas phase intermediates a one-dimensional
two-zone model is sufficient.

6.6 Interaction between chemical kinetics and mass transport phenomena in an
industrial-scale reactor

Mary micro-electronics manufacturers are currently scaling up from 150 mm to 200
mm diameter wafers. In order to meet this tendency towards larger wafers, the
performance of an industrial-scale LPCVD reactor capable of processing 200 mm
wafers will be discussed. The simulations were performed using the one-dimensional
two-zone model as outlined in paragraph 6.3.1. Table 6.5 lists the base-case operating
conditions and geometrical reactor features.

Table 6.5: Base-casa geometrical reactor leatures
and operaling conditions, used for simulation of
industrial-scale LPCVD reactor.

L 075 m
R, G168 m
R, 0.10 m
A 0.00503 m
AV, ‘ 168.8 m’”
NRWF 150
B, 25 Pa
T 900 K
s, 400 Nml min '

" The sudzce-to-velume ratio glvan here applies to the
wafer section.
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In the migre-electronics industry generally two approaches are used 10 counter the
silane conversion effects on the axial growth rate uniformity, i.e. temperature profiling
and gas injection at the downstream end of the wafer section. It should be noted that
the simulations presented below do not account for this, but are intended to provide
insights in the effects of typical operating conditions on the interaction between the
mass transport phenomena and the chermical reaction kinetics in such a reactor. In this
context, the intarwafer spacing and the reactor fube radius appear to be the most
appropriate parameters to adjust, because changes in either one of them provide
addittonal insights in the interplay between the surface and gas phase reactions. Since
temperature profiling and gas injection are not considered, adjustment of the silane
volumetric flow rate is less interasting.

Figure 6.13 shows the total silicon growth rate, the growth rate due to the gas phase
intermediates and the individual growth rates from silane, silylene and disilane versus
the axial reactor coordinate for the conditions listed in Table 6.5. The plotted growth
rates concern radially averaged values. The total silicon growth rate decreases from
2.0 10" m s' on the first wafer to 1.4 10" m s” on the last wafer of the load,
corresponding to an axial non-uniformity of roughly 35%. The latter is calculated from
the radially averaged silicon growth rates at the entrance and exit of the wafer section
according to:

axial non-unifarmity = 2 20
|

Faleo " Flslone (6.42)
Hg

+

| A

7=0 L-L

Az can be seen in Figure §.13, the total growth rate is almost completely determined
by heterogenecus decomposition of gilane. The silane conversion increases from
47.8% at the entrance to 66.3% at the exit of the wafer section. The contribution from
all gas phase intermediates to the growth rate is approximately constant over the
complete length of the wafer section. It corresponds to the growth rate contributions
trom SiH, and Si,H, and amounts to roughly 3%. The growth rate from silylene is more
or less constant over the length of the wafer section, reflecting the high reactivity of
this intermediate, see also paragraph 5.7.1. The fact that digilane is less reactive, both
in the gas phase and on the surface, is consistent with the decrease in the
corresponding growth rate along the axial coordinate of the wafer section. it has to be
noted, however, that the corresponding concentration variations are parially levelled
off by the axial diffusion in the annular zone. The lumped contribution from H,SiSiH,
and H,5iSiH to the total growth rate due te gas phase intermediates is typically less
than 1%, Hence, these species are not considered in the following discussion
concerning radial growth rate uniformity.

Figure &.14 shows similar results versus the radial coordinate in the interwafar space
corresponding to a silane conversion of 53.5%. In order to mark the radial variations
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in silicon growth rate, especially those existing close to the edge of the wafer, a non-
uniformity percentage is plotted as welt, calculated relative to the growth rate in the
centre of the wafer according to:

HSi(r) =Bl

local radial non-uniformity = = _ 1. 10

(6.43)
HS!L»D

The growth rate non-uniformity sharply increases on the periphery of the wafer and
shows a maximum of §.3% at the edge of the wafer. The wafer edge non-uniformity,
which slightly decreases from 7.5 to 5.7% along the length of the wafer section, is
caused by radial vanations in the growth rates from bath silylene and disilane, see
Figure 8.14. This is in contrast to the results of Badgwell et al. (1992b) who attributed
similar radial growth rate non-uniformities to radial temperature variations across the
wafers.
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Figure 6.13: Radially averaged silicon
growth rate ( ), total silicon growth
rate dua (0 gas phasa inlermediates
(- ) and individual siticon growth rates
from the most abundant silicon containing
gas phase species (- ) versus the
axial reactor coordinate. + SiH,, 11 SiH,,
o Si,H,. Caleulated with one-dimensional
two-zone model. Conditions: Qg =

400 Nmi min'’, 100% SiH,, p= 25 Pa,

T= 800 K.

Figure 6.14: Silicon growth rate
( ), lotal silicon growth rate due

individual silicon growth rates from the
most abundant sificon containing gas
phase species (- ) and growth rate
non-uriforrnity (- - - -) versus the radial
coordinate of the inferwafer zone.

+ SiH,, 7 8iH,, 0 Si,H, Calculated with
one-dimensional two-zone model.
Conditions: Qy,, = 400 Nml mirt', 100%
SiH, p=25Pa T=900K, X, = 53.5%.
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The imponance of gas phase and surface reactions with respect to the net production
of the most important silicon containing gas phase species, i.e. silane, silylene and
disilane, was investigated by means of a contribution analysis, see Appendix 6B. In
the interwafer space at a silane conversion of 53.5%, silane consumption occurs for
only 2% through homogeneous dissociation, see reaction (1) in Table 6.3, and for 38%
via heterogeneous decomposition according to reaction (5), followed by instantaneous
decomposition of the surface trihydride species into solid silicon and hydrogen
adatoms. Production of silane ocours for 2% via homogensous decomposition of
disilane, see reaction (-2}, and for 98% via heterogeneous decomposition of disiane
according to reaction (7), followed by instantaneous decomposition of the surface
dihydride species via reactions (11) and (12). Ingertion of silylene into molecular
hydrogen, see reaction (-1}, has practically no contribution to the total production of
silane. Formation of silylene is determined for 89% by homogenaous decomposition
of silane and for 1% by homogeneous decompasition of disilane aceording to reactions
{1) and (-2}, respactively, Silylene consumption takes place for 10% via insertion into
silane, see reaction (2), and for 90% via heterogeneous decompaosition according to
reaction (6), followed by instantaneous decomposition of the so formed surface
dihydride species into solid silicon and hydrogen adatoms, Disappearance of silylene
through insertion into molecular hydrogen, reaction (-1), is not significant. Disilane
consumption is for 2% accounted for by homogeneous decomposition into silane and
silylene, see reaction {-2), and for 98% by heterogeneous decompaosition, reaction (7)
followed by the instantaneous reactions (11} and (12). Finally, insertion of silyleng into
silane accounts for 100% to the disilane production. The above mentioned figures
clearly illustrate the inferiar role of the gas phase reactions with respect to the
consumption of the silicon containing gas phase species. Consumption of these
species proceeds mainly via the reactions taking place on the surface of the wafer,
The predominance of the surface reactions over the gas phase reactions even
increases along the length of the wafer section, i.e. with increasing silane conversion,
This is in agreemant with the result presented in Table 5.10, showing the effect of
conversion on the relative importance of gas phase and surface reactions inside the
laboratory reactor.

The radial growth rate non-uniformity is more critical than the axial one, provided the
iatter can be eliminated through injecting silane at different axial positions along the
wafer load and/or profiling the temperature. As mentioned before, the radial non-
uniformity of the growth rate is completely determined by the radial non-uniformities
in the growth rates from silylene and disilane, and hance by the shapes of the radial
concentration profiles of these species. To gain more ingight in the effects of mass
transport and chemical reaction kinetics on the shapes of the concentration profiles
of silylene and disilane in an interwafer space, approximate analytical expressions for
the latter were derived at a given gilane conversion.



The above contribution analysis revealed that silylene production occurs almost
completely through homogeneous dissociation of silane, reaction (1}, whereas
consumption of silylene takes place for 10% through insertion into silane to form
disilane, reaction (2), and for 90% via heterogenous decomposition, reaction (6).
Formation of disilane is fully accounted for by silylene insertion into silane, reaction (2},
whereas consumption of disilane takes place by heterogeneous decomposition
according to reaction (7). Figure 6.15 shows the rmost important reaction paths to and
from silylene and disilane.
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Figure 6.15: Most important reaction paths
to and from silylene and disilane.

Silylene production is assumed 1o procesd at a uniform rate ¢, (mol m” s '), equal to
the product of the unimolecular reaction rate coefficient k, (s} of Table 6.3 and the
silane concentration, Cin, (Mol m¥), the latter baing uniform in each interwafer space.
The insertion reaction of silylene into silane, which contributes to both the
disappearance of silylene and the production of disilane, is characterized by a pseudo-
first order reaction rate coefficient k, (8"), equal to the product of the bimolecuiar rate
coefficient k, (m® mol”' s ') of Table 6.3 and again the uniform concentration of sitane.
Consumption of silylene and disilane at the surface is characterized by the surface
reaction rate coefficients k ., and kg ., (m s"), being the products of the rate
coefficients k, and k, {(m® mal’ s} of Table 6.3 and the concentration of vacant
surface sites, L. (mol m®). The latter is practically uniform in each interwafer space,
because it is predominantly determined by the heterogeneous decomposition of silane
and the desorption of hydrogen.

On the basis of the foregoing considerations and neglecting possible axial
concentration gradients the continuity equations for silylene and disilane in an
interwafer space become:

o, ac,
_ Bitdg.m i r Silly - rvl -k C _ E k, cns C.;M (6.44)
rooodr ar - T

v B,
& A
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D m d rdCS,QHﬁ ckCo -2k o (6.45)
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with D, | denoting the effective molecular diffusion coeffcient of species 7 in a
multicomponent mixture as postulated by Wilke (Bird ef al, 1960). it has to be noted
that the factor 2/A represents the surface-to-volume ratio in each interwafer space,
The appropriate Boundary conditions are similar to those expressed by equations (6.2)
and {6.3):

ro %9 g (6.46)
dr
r=R, C =C" {6.47)

with the superscript a denoting the annular zone,

The second order differential equation for silylene, equation (8.44), is linear in Cy,,
and features constant coefficients at a given silane conversion, i.e. at a given axial
position in the annular zone. Integration of this egquation with the corresponding
boundary conditions leads to the following expression for the silylens concentration as
a function of the radial coordinata in an interwafer space, see Appendix 6C:

-
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with |, a modified Bessal function of the first kind and order zero and Ogn, A modified
Thiele modulus defined as:

(6.49)

and corresponding to the ratio of the time scale of diffusional mass transport to the
Ume scale of disappearance via gas phase as well as surface reactions. The first term
an the right-hand side of equation (6.48) denotes the concentration of silylene obtained
by applying the steady state approximation to this species:
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The first term inside the brackets of equation (6.48), C';, . denotes the steady state
concantration of silylene in the annular zone corresponding to the locally prevailing
concentration of silane. Substitution of equation (6.48) into the second order differential
equation for disilane, equation (6.45), and integration of the latter with the
corrgsponding boundary conditions feads ta the following expression for the disilane
concentration as a function of the radial coordinate in an interwafer space, see
Appendix 6C:

_kCagh Dtﬁ (O, = Coi) e s 7‘%)
SipHg m d)ES:‘zl‘iG —q;f;,,_,z J Io(‘psp‘f-ﬁp)
(6.51)
564 (Gl - CENAE it L)
n K.Csn,d  Dgpm : ’ TR,
=2 2K sipmy ¢'?5,5H5 ‘Q’EMQ J @) .I

with ¢, the Thigle modulus defined as:
TRTh
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The first term on the right-hand side of eguation (6.51) represents the disilane
cencentration obtained by applying the steady state approximation to this species:

554

G.S‘SA - kv CS’.HE
I (6.53)
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As shown in Figure .16, the analytical expressions given by equations (6.48) and
(6.51) adequately describe the numerically obtained concentration profiles of silylene
and disitane. The full lines represent the concentration profiles as calculated with the
one-dimensional two-zone model, whereas the dashed lines show the same profiles
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obtained using the analytical expressions and the values listed in Table 6.6. Thae
effective molecutar diffusion coefficients are based on radially averaged molar fractions
obtained with the quadrature formula.

Table 6.6; Values of kinetic and transport parameters,
Conditions: Qg = 400 Nrml min'', 100% SiH,, p= 25
Pa, T= 900 K, X,= 53.6%, C'gy,= 3.406 107 mol m"
and O, = 1.978 107 mol m”,

! 9.32 10° mol m* g7

W

~

k, 13022 s

K, s, 29.175 m s
Ky g, 2.029ms’

Dsiyn 0.688 m’ g
Dy m 0431 m’ g

The values for the kinetic and transport parameters listed in Table 6.6 lead after
substitution into (6.48) and (6.52) to Psin,= 13.7 and Pgiph,™ 4.3. Due to the large value
of ¢, the second term on the right-hand side of equation (6.48) is small compared
to the first terry for small values of the radial ¢ceordinate. Hence, the silylene
concentration in the centre of the interwafer space equals Cy,, **" and mass transport
effects are absent. Important to note is that the steady state concentration of silylene
is determined solely by the uniform concentration of silans. The shape of the silylene
concentration profile is determined by the values of o, and Cg,, 5 and hence by the
time scale of silylene consumiption through surface as well as gas phase reactions
provided the effective molecuiar diffusion coefficient, Dgy, .. and the silylene
production rate, rv'. remain the same. Two extreme situations can now be
distinguished. In the absence of silylene consumption, i.e. in case Psn,= 0, silylene is
uniformly distributed throughout the interwafer space and a flat concentration profile
results at the leve! prevailing in the annular zone, C"SiHE. In case silylene consumption
proceeds extremely fast, ie. in the limit of Dain,— =, the diffusion cannot keep up with
the reactions and & pronounced concentration gradient exists over an infinitesimally
small distance from the wafer edge while the concentration in the centre of the
irderwafer space approaches zero. At intermediate values of dsin, @ decrease in the
time scale of siiylene consurmption is accompanied with a decrease in both the
concentration in the ¢entre of the interwafer space and the thickness of the layer over
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which the concentration gradient takes place. It has to be noted that in case ¢y, s
not large enough to completely eliminate mass transport effacts in the centre of the
interwafer space the concentration in that region does not equal the steady state
concentration as given by equation (6.50).
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Figure B.16: Concentration of silylene (+)

and disflane (o) varsus the radial coordinate

in an interwafar space. Full lines: calculated
with one-dimensional two-zone model. Dashed
lines: calculated with equations (6,48) and
(6.51). Conditions: Qg,, = 400 Nm! min”, 100%
SiH, p= 25 Pa, T= 900 K, Xy, = 53.5%.

An analysis of the disilane concentration profile shown i Figure 6.16 on the basis of
equation (6.51) is less straightforward. The shape of the disilane concentration profile
i3 effected by that of silylene as well, since formation of disilane is completely
accounted for by insertion of silylene into silane. The disilane concentration in the
centre of the interwafer space is, contrary o the silylene case, not solely detarmined
by chemical kinetics but effectad by mass transport as well, As a result of the relatively
small value of LTI the value of the third term on the right-hand side of equation
{(6.51) is comparable to the value of the first term. Moreover, the third term can be
equated with CE‘SIEHEIIO(%QHG), since the other terms ingide the brackets are in absolute
sense much smaller than Cas'eHG- The expression for the disilang concentration at r=
0 thus becomes:
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Cam
C. =28 TR (6.54)
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with the first term on the right-hand side merely reflacting chemical kinetics and the
second term accounting for diffusional mass transport,

A quantity that will be used in the following sections is the ratio between the
concentrations of gilylene and disilane prevailing in the centre of an interwafer space,
i.e. at r= 0. Based on the foregoing considerations the following expression holds:

[c] ¥

L (6.55)
SiaHy Ty
ae ’D(q)SIQHB)

with the steady state congentrations of silylane and disilang given by equations (6.50)
and (6.53), and the Thiele modulug for disilane defined by equation (6.52).

Effect of interwafer spacing

Conform the analytical expressions given by equations (6.48) and (6.51) the surface-
to-volume ratio of the interwafer space, 2/A, offects the shapes of the concentration
profiles of silylene and disilane. Both the steady state concentrations given by
equations (6.50) and (6.53) and tha Thiele moduli defined by equations (6.49) and
(6.52) are functions of the surface-to-volume ratio and hence of the interwafer spacing.
Because the analytical expréssion for silylene, equation (6.48), is moré transparent
than that cbtained for disilane, equation (8.51), the effect of interwafer spacing will be
explained in terms of silylene. A similar argumentation, however, holds for disilane.
Figure 6.17 shows the effect of interwafer spacing on the shape of the silylene
concentration profile in the interwafer zone for the conditions as listed in Table 6.5. 1t
has to be noted that the imterwafer spacing has been altered by changing the total
number of wafers positioned in the wafer load, NRWF, while keeping the length of the
wafer section fixed at 0.75 m. In order to investigate the effect of interwafer gpacing
without interference of gas phase composition efiects, the silylene concentration
profiles shown in Figure 6.17 apply to interwafer spaces at a similar silane conversion,
narmely 53%. In this way the effects of changing gas phasé composition on the
effective molecular diffusion coefficient Dy, , and the rate coefficients k; and k; are
eliminated.
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ft is clear that with decreasing interwafer spacing, i.e. with increasing surface-to-
volumeg ratio, both the concentration of silylene in the centre of the intarwafer space
and the thickness of the layer over which the concentration gradient lakes place
decrease. These offects have to be attributed to a decreasing steady state
concentration given by equation (6.50) and an incréasing Thiele modulus as given by
equation (6.48). A smaller value for the interwafer spacing results in a smaller time
scale of silylene consumption relative to that of diffusional mass transport. Hence, the
consumption of silylene molecules entering the interwafer space takes place over a
shorter distance from the wafer edge, thereby reducing the layer over which the
concentration gradient occurs,

In order to analyse the effect of interwafer spacing on the relative contribution of gas
phase reactions to the total consumption of sifylene within an interwafer space,
disappearance contribution percentages were calculated for this species for the
interwafer spacings of 0.00431 m and 0.00843 m, corresponding to surface-to-volume
ratios of 464.0 m" and 237.2 m”, see Table 6.7. Formation contribution percentages
are not rglevant, since production of the gas phase intermediates is a matter of gas
phase kinetics only. Clearly, with increasing interwafer spacing the contribution to the
total consumption of silylene of gas phase reactions, or more specifically of reaction
{2) in Table 6.3, increases. As a matter of course, the contribution of surface
reactions, or more specifically of reaction (6) in Table 6.3, decreases. The same table
shows similar changes in the contribution of gas phase reactions to the total
consumption of silane and disilane. Moreover, the listed percentages reveal the
predominance of the surface reactions over the gas phase reactions,

Table 6.7: Contribution analysis of the disappearance of sifane, sifylene and disilane
for interwafer spacings of 0.00431 m (2/A= 464.0 m’) and 0.00843 m (2/A= 237.2m '),
calculated as described in Appendix 68 after solving the complete set of equations of
the one-dimensional two-zong model. Conditions: Qg,, = 400 Nmf min”. 100% SiH,,
p=25 Pa, T= 800 K, Xs,-Hd= 53%.

Alm 0.00431 0.00843
surface gas phase surface gas phase
/% ! % I % ! %
SiH, 98.4 1.6 96.8 3.2
SiH, 91.0 9.0 83.8 16.2

Si,H, 98.4 1.6 96.9 3.1
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Figure 6.17: Silylene concentration Figure 6.18: Silicon growth rate from
versus the radial coordinate of the silylene ( -—) and disilang {------- )
intarwafer zone. Calculated using the varsus the radial coordinate of the
one-dimensional \wo-zong model, imerwaler zone. Calculated using the
Conditions: Q,, = 400 Nmi min’, one-dimensional two-zone model.
100% SiH,, p= 25 Pa, T= 900 K, Conditions: Q= 400 Nmi min’, 100%
Xsin,= 53%. + A= 0.00843 m, 0 A= SiH,, p= 25 Pa, T= 900 K, Xgy, = 53%.
0.00605 m, o= 0.00431 m. + A= 0.00843 m, 0 A= .00605 m, O=

0.00431 m.

tn Figure 6.18 silicon growth rate profiles from sitylene and disilane are shown versus
the radial coordinate of the interwafer zone for different interwafer spacings. With
decreaging interwafer spacing the ratio between the growth rates from silylene and
disilane, F{E,HQIH%HE, in the central part of the interwafer space increases. With
decreasing interwafer spacing the growth rate from disilane decreases more strongly
than that from silylena. This effect has to be explained in tarmg of the ratio between
the gas phase concentrations of silylene and disilane, see equation {6.55). The steady
state concentration of silylene and the Thiele modulus of disilane, see equations (6.50)
and (5.52), change & a result of changing interwafer spacing anly. The steady state
coneentration of disilane on the other hand, equation (6.53), changes not only as a
result of changing interwafer spacing but also as a result of a varying steady state
concentration of silylene. Due to the stronger decrease in Cg,, *** than in Cg,, *** with
decreasing A and due to the exponential character of the modified Bessel function |,
incorporating the disilane Thiele maodulus, the denominator of equation {6.55) more
strongly decreases upon decreasing 4 than does the numerator. In this way it is
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shown that with decreasing interwafer spacing the ratio of silylene concentralion to
disilane concentration at r= 0 increases and hence the relative contribution of silylene
to the silicon growth rate.

As mentioned earlier, the radial variations in the growth rates from silylene and
disilane completely detarmine the radial non-uniformity in the total growth rate across
a wafer. Upon increasing the interwafer spacing from Q.00431 m to 0.00843 m the
variations in the growth rates from these species significantly decrease. In case A=
0.00431 m the growth rate from silylene at the edge of the wafer is 5.5 times that in
the centre of the wafer. In case A= 0.00843 m this factor amounts to 3.3. With respect
to disilane factors of 11.1 and 4.0 are obtained, respectively. Hence, with increasing
interwafer spacing, the concentration profile of disilane is smoothened more than that
of silylene. This iz consistent with the above noted effact of the interwafer spacing on
the: ratio of the steady state concentrations of silylene and disilane.

Although the radial variations in the growth rates from silylene and disilane significantly
réduce at larger interwafer spacings, the net effect on the growth rate profile is quite
small. Due to the relatively small contribution of silyleng and especially of disilane to
the silicon growth rate, the decrease in the radial growth rate non-uniformity is almost
negligible. The latter is calculated from the silicon growth rates in the centre and at the
edge of the iMerwafer space according to;

radial non-uniformity = ML" (6.56)
Rsr Ir'-O

It decreases only slightly from 6.6% in cage A= 0.00431 m to §.3% in cagse A= 0.00843
m. A further increase in interwafer spacing cerainly leads to more uniform growth
rates along the radial coordinate. It should be noted, however, that an improvement
in radial uniformity by an increase in interwafer spacing goes at the cost of the wafer
packing dengity. An increase in interwafer spacing from 0.00431 m to 0.00843 m
means already a reduction in the total number of silicon wafers from 175 to 90. The
smaller surface-io-volume ratio on the other hand lowers the silane conversion and
hence increéases the average growth rate in the wafer section, see Table 6.8. The
higher average silicon growth rate is attended with a smaller axial growth rate non-
uniforrnity as defined by equation (6.42).

Effect of reactor tube radius

Figure 6,19 shows the effect of reactor tube radiug on the axial silicon growth rate
profile for the conditions listed in Table 8.5, Since the silane volumetric flow rate, Qg ,
was kept constant during the simulations, the superficial gas velocity in the annulus
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decreases with increasing tube radius thereby increasing the mean residence time of
the gas mixture in the wafer section. Consequently, the average silane conversion
increases, see Table 6.9, and the average silicon growth rate thus decreases.
Moreaver, the decrease in superficial gas velagity increases the relative importance
of molecular diffusion in réspect of convection, leading to a smaller value of the mass
Peclet number, Pe= uL/D. In this way axial variations in the silane concentration are
reduced mare effectively and a more uniform silicon growth rate is obtained along the
length of the wafer section. This is also reflected by the values of the axial non-
uniformity calculated using equation (6.42), see Table 6.9.

Table 6.8: Silane conversion and radially averaged silicon growth rate both at the
gntrance and exit of the wafer section and the axial growth rate non-uniformity versus
interwafer spacing. Calculated using the one-dimensional two-zone modsl. Conditions.
Qs = 400 Nmi min”', 100% SiH, p= 25 Pa, T= 900 K.

Afm Xew, ! % Ry /10" ms’ axial non-
ontrance  exit entrance  exit uniformity / %
0.00431 20.4 69.6 1.92 1.27 41
0.00605 44.7 62.4 2.11 1.54 31
0.00843 39.4 55.2 2.29 1.79 25

Table 6.9: Silane convarsion and radially averaged sificon growth rate both at the
entrance and exit of the wafer section and the axial growth rate non-uniformity versus
reactor tube radius. Calewlated using the one-dimensional two-zone model. Conditians:
Qg,= 400 Nmi min’', 100% SiH,, p= 25 Pa, T= 900 K.

R./m Xew, ! % Rg /10" ms! axial non-
entrance  éxit entrance  exit uniformity / %

0.14 41.2 67.1 2.18 1.36 46

0.16 47.8 66.3 2.00 1.40 35

0.18 51.9 66.0 1.89 1.42 28

The contribution of the gas phase intermediates to the growth rate is quite small and
practically insensitive to a change in tube radius. It decreases from 5% at the entrance
to 3% at the exit for a tube radius of 0.18 m and from 4 to 1% in case the tube radius
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amounts to 0.14 m. The more pronounced decrease at the smaller wbe radius is
related to the more pronounced decraase in silane concentration for the same radius,
see Table 6.9. The above percentages correspond to the lumped growth rate
contributions frem silyteng and disilane. The lumped contribution from the SiH,
isemers to the total growth rate due to gas phase intermediates is typically less than
1%. Figure 6.20 shows the total silicon growth rate due 10 gas phase intermediates
and the individual growth rates from silylene and disilane versus the axiat coordinate
for the reactor tube radii of 0.14 and 0.18 m. The plotted growth rates concern radially
averaged values. Clearly, the growth rates from silylene and disilane increase with
increasing radius, which seems to be in contradiction with the corresponding
increasing silane conversion, see Table 6.9, However, the occurrence of higher
concentrations of silylene and disitane despite the lower concentration of silane is
explainable on the basis of a smaller surface-to-volume ratio, 2R/(R?-R.’), of the
annular zone.
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Figure 6.19: Radially averaged silicon
growth rate versus the axial reactor
coordinate of the wafer section.
Calculated using the one-dimensional
two-zone model. Conditions: Qg,, =

Figure 6.20: Radially averaged silicon
growth rate cus to gas phase
intarmediates { ) and individual
contributions from silylene (-----) and
disilane (----- ) versus the axial reactor

400 Nmi min", 100% SiH,, p= 25 Pa,
T=800K mR=014m +R=0.16m,
oR=018m.

coordinate of the wafer saction.
Calculated using the one-dimensional
two-zone model. Conditions: Qy,, = 400
Nmi min!, 100% SiH,, p~ 25 Pa,
T=800 K rR=0.14m, o R=018 m.
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To analyse the effect of reactor tube radius on the gas phase composition in the
annular zone, disappearance contribution percentages were calculated for the most
important silicon containing gas phase species and tube radii of 0.14 m and 0.18 m,
corresponding to annular surface-to-volume ratios of 29.2 m” and 16.1 m™, see Tabie
6.10. In order to investigate the effect of surface-to-volume ratio without interference
of silane conversion effacts, the contribution percentages were calculated for the
annular space at a silane conversion of 54%. The contribution percentages of Table
6.10 claarly show that with increasing tube radius, i.e. with smaller annular surface-to-
volume ratie, the relative importance of the gas phase reactions increases. The
production of gas phase intermediates, taking place through gas phase reactions only,
starts to overcome the consumption of these species through surface reactions. As a
consequence, the gas phase intermediates are present in higher concentrations.

Table 6.10: Contribution analysis of the disappearance of silane, silylene and disilane
for reactor tube radii of 0.14 m (2R/AAF-RF)= 29.2 m”) and 0.18 m (2R/R’-R})=
16.1 m'), caloulated as described in Appendix 68 affer solving the complete sat of
equations of the one-dimensional two-zone model, Conditions: Qs,-H4= 200 Nmif mir’,
100% SiH,, p= 26 Pa, T= 900 K, Xgy, = 54%.

R,/ m 0.14 0.18
surface gas phase surface gas phase
[ % ! % ! % ! %
SiH, 76.8 23.2 61.2 38.8
SiH, 39.2 60.8 261 73.9
BiH; 79.3 20.7 67.6 324

Figures 6.21 and 6.22 show the effect of the reactor tube radius on the shapes of the
silylene and disilane concentration profiles in the interwafer zons. In order to eliminate
gas phase composition effacts, all profiles apply to interwafer spaces having a simnilar
silane conversion, namely 54%. Even though the concentration of silylene in the
annular space increases from 2.7 10® mol m™® in case R= 0.14 m to 4.0 10* mol m*
in case R= 0.18 m, its value remaing unchanged in the centre of the interwafer space.
Faor the conditions considered, the silylene concentration in the centre of the interwafer
space equals the steady state concentration of silylene, see equation (6.50). Clearly,
this concentration is merely a function of gas phase composition and interwafer
spacing. The latter was not changed during the simulations, Since the plotted
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concentration profiles all apply to the same concentration of silane and hence to a
similar gas phase composition, the concentration of silylene in the centre of the
interwafer space, Cg,,,*, remains constant. It indeed has no dependence on the
radius of the reactor tube. Based on the expression for the steady state concentration
of disilane, equation (6.53), a constant value for the disilane concentration in the
centre of the interwafer space would then be expected as well. However, it has been
shown that the Thigle modulus of disilane, see equation (6.52), is too small to
completely eliminate mass transport effects in the centre of the interwafer space and
hence justify the application of the steady state approximation to this species at this
position, Since the steady state concentration and Thigle modulus of disilane remain
unchanged, the concentration of disilane in the centre, see equation (6.54), changes
rmerely as a result of changing disilane concentration in the annufar space, C* It
thus increases with increasing reactor tube radius.
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Figure 6.21: Silylene concentration versus Figure 6.22: Disilane concentration

the radial coordinate of the interwafer versus the radial coordinate of the
zone. Calculated with one-dirmensional interwafer zone. Calculated with one-
two-zone model. Conditions: Qg,, = 400 dimensional two-zone model. Condi-
Nmil mir', 100% SiH,, p= 25 Pa, T= tions: Q= 400 Nl mir’, 100% SiH,,
900 K, X5, = 54%. 1A= 0.14m + A= p=25Pa, T= 900K, X, = 54%. 11 R=
0.16m, 0o R=0.18 m. 0.1dm, + R=0.16m, 0o A= 0.18 m.

Based on the foregoing considerations it follows that the ratio between the
concentrations of silylene and disitane in the centre of the interwafer space decreases
with increasing tube radius, i.e. with decreasing annular surface-to-volume ratio. As
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a consequence, the ratio between the growth rates from silylene and disilane reduces
as well, see Figure 6.23. Moreover, the radial growth rate non-uniformity, being
completely determined by the radial variations in the growth rates from silylene and
disilane, changes with changing reactor tube radius. It almost doubles from 4.4% in
case R= 0.14 m to 8.6% in case R= 0.18 m due to the higher concentrations of
silylene and disilane in case of the latter radius, A smaller reactor tube radius
promotes radial uniformity of the growth rate in the interwafer zone, but worsens the
uniformity of the growth rate along the length of the wafer section, see Table 6.9,
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Figure 6.23: Silicon growth rate profilas
from silylene (~—-) and disilane (~----- )
versus the radial coordinate of the inter-
wafer zone. Caleulated using the ona-
dimensional two-zone model, Conditions:
Qg = 400 Nrni min”, 100% SiH,, p= 25
Pa, T= 800 K, XS,H#: 54%. tR= 0.14 m,
+R=016m oR=018 m.

6.7 Conclusions

The kinetic model based upon experitnents in a laboratory microbalance reactor, see
Chapter &, allows to simulate silicon growth rates obtained in a commarcial LPCVD
reactor without adjustment of any kinetic parameter. As long as heterogenaous silane
decomposition predominantly determines the silicon growth a one-dimensional two-
zone reactor model is sufficient to adaquately describe these data. Due to the small
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contribution of homogeneously formed reactive gas phase intermediates, growth rates
calculated using this strongly simplified reactor model do not essentially differ trom
those calculated on the basis of a fully two-dimensional model.

Simulations of the performance of an industrial-scale LPCVD reactor showed that the
radial growth rate non-uniformity across a wafer is completely determined by the radial
variations in the growth rates from silylene and disilane. The latter are the most
important gas phase imtermediates, with a contribution to the silicon growth rate of
typically 1 to 5% at the operating conditions considered. Silylene is formed through
homogeneaus decomposition of silane and is consumed mainly by heterogeneous
decompasition inte solid silicon and molecular hydrogen. Consumption of silylene via
insertion into silane is of minor importance. This reaction, howeaver, fully accounts far
the formation of disilane. Consumption of disilane on the other hand is almost
completely accounted for by heterogeneaus decompasition into solid silicon, molecular
hydrogen and silane. Only a small fraction of the disilane is convered to silane and
silylene, and an almest negligible fraction reaches silylsilylene. Due to the high
reactivity of silylene and disilane on the surface and/or in the gas phase significant
concentration gradients for these species develop in the radial direction between
successive wafers. The shape of these concentration profiles can be described in
terms of a2 (medified) Thiele modulus, based on the kinetics of the most important
formation and disappearance reactions of the species under consideration.

With increasing reactor tube radius, i.e. with decreasing surface-to-volume ratio of the
annular zone, the radial growth rate non-uniformity increases significantly due to the
higher concentrations of silylene and disilane formed in this zone. The effect of
interwafer spacing on radial growth rate non-uniformity is less pronounced.
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Appendix 6A Solution procedure for one-dimensional model equations
The method of orthogonal collecation is outlingd for the first-order ordinary differential
equations with cerreésponding boundary conditions, given by equations (6.1) to {(6.4),

{6.6), (6.8), (6.10) and {6.11). These are rewrittén by replacing r by &R, and z by {L;

Interwafer zone

i d w o a BA. 1
E FE: ([:1 Ni ) = Hw K g Vm‘lra,m + g Vk"‘trv‘k ( )
W g NN (6A.2)
d&:\ i CD:;;‘
§=0 N,W = 0 (E;AB)
£=1 =y (BA.4)
Annular zone
ans 2 o w o (BA.5)
=L Rl vo bt AN Y v '
d(‘; F;‘,E--Fi‘i g( ); G -1 ; K ‘ur
] & ] E] &
Wy VN WN (BA.6)
dt P co,
L0 N'=uCyl (BA.7)
C-1 dy” (6A.8)
dC

For both the interwafer zone and the annular zone a polynomial is defined as a linear
combination of both even and odd powers of the corresponding dimensionlass
coordinate wilth tha highest power being m:
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PIE) = %M PIL) - S (6A.9)

The coefficients ¢." and c.* are defined in such a way that, in the respective integration
intervals 0=8<1 and 0=(=1, the successive polynomials are orthogonal to all
polynomials of order less than m, with weighting functions equal to one. The roots of
the polynomials P *(E) and P_*({) are chosen as intetior collocation points for the
interwafer and annular zona, respectively. A choice is made for 6tk order orthogonal
collogation (m=8) in both the &-direction of the interwafer zone and the {-direction of
the annular zone, The calculated interior collocation points far both zones are listed
in Tables 6A.1 and 6A.2. It has to be noted that cylindrical geometry applies to the
interwafer zone, whaereas planar geometry applies to the annular zone.

Table 6A.1: Roots of 6th order Table 6A.2: Roots of 6th order
orthogonal polynomial for inter- orthogonal polynomial for annular
wafer zone with weighting 2one with weighting function
function equal to one and range equal to one and range from 0 to
from 0 te 1.0, 1.0
2 = 0.073054329 » = 0.033765243

&, = 0.230766138 Ly = 0.169395307

£, = 0.441328481 {, = 0.3B0690407

£, = 0.663015310 ¢, = 0.619309503

£ = 0.851921400 Ls = 0.8306046093

£, = 0.970683573 £, = 0.966234757

Based on the above polynomials for the interwafer and annular zone, equation (6A.9),
the following trial functions are defined as approximation for the solution of the molar
flux and the molar fraction in both zones:

ax" Per +f2) (6A.10)

=

N*&Z)

b*" + g7E + 5 (1-E)

2

M

b¥r « Mg+ E(1-5)Y alt PL(E) (6A.11)

=g}

¥*E)
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N

N&(g) = b&.n + da.ng + CI(-' _C_.)Z a;énpci ¢(C_,) (6A12)
N

YAL) = 6%+ g+ L(1-0) Y al PE(G) (6A.18)

ceal

The trial functions for the interwafer zone feature (M+2) coefficients, resulting from
(M+2) conditions. In case of the molar flux M conditions are provided by the residuals
evaluated at the M interior collocation points, one by the residual evaluated at the
extra collocation point defined at the houndary &= 1, and one by the boundary
condition at £= 0. In case of the molar fraction M conditions are provided by the
residuals evaluated at the M interior collocation points, one by the residual evaluated
at the extra collocation point defined at the boundary &= 0, and one by the boundary
condition at £= 1. The trial functions for the annular zone feature (N+2) coefficients,
resulting from {N+2} conditions. In case of the maolar flux N conditions are provided by
the residuals evaluated at the N interior collocation points, one by the residual
evaluated at the extra collocation point defined at the boundary {= 1, and ane by the
boundary condition at {= 0. In case of the molar fraction N conditions are again
provided by the residuals evaluated at the N interior collocation pointg, cne by the
residual evaluated at the exira collocation peint defined at the boundary (= 0, and one
by the boundary condition at L= 1. The trial functions are pelynomials of degree (M+1)
in & or (N+1) in {. These are rewrilten as;

My

NH™E) = E d:;n«:“1 {6A.14)

yHe) - X e OAT9)
N2

NAG) - Y d g (64.16)
Ml

yn((‘;) = Z d::)f ool (GATT)

o

of in matrix notation as:

NY = dew_n yw - dew.y (6A18)
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N = Qudan yd = Qg (6A.15)

with N, y*, d"" and d"¥ vectors of length (M+2), N*, v®, d*" and d™ vectars of length
{N+2), Q" an (M+2)x(M+2) and QF an (N+2)x(N+2) matrix. The operators for the molar
flux and molar fraction in equations {(8A.1), (BA.2), (BA.5) and (6A.6) are replaced by
the matrix operations;

%d_':;(éNw) - D*(Q")"N¥ = BYN¥ (BA.20)
ddL; G QM) = ATy (6A.21)
ANT _ ca@eytNe = ATNE (6A.22)

dag
‘leg' = CH(Qe) Tyt = AT ye (6A.23)

with the elements of the (M+2)x(M+2) and (N+2)x(N+2) square matrices defined as:

Qr =t Gl = (ee-NESE DY, = oEEF (6A.24)

Qe = LT Cle = (ee-1)E5F (6A.25)

For both the interwafer and the annular zone, the derivatives are now expressed as
a linear combination of the values of the solution of the molar flux or molar fraction at
the collocation points. Substitution into equations (6A.1) to (6A.8) vields the following
set of collocation equations:

Iterwafer zone

M2 ns ng
- 2 .
> BieolNige = B | = Viifan * 3 Viilux ¢ =2.M2 (6A.26)
ce-1 ‘A 1 ket
2 WNW » woppw
E A;::Yi::: = Fl‘w E w c=1.M+1 (EAET)
cc-1 I C:DJ.J'
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NY -0 =1 {6A.28)
v ey e = M2 (BA.29)
Annular zone
MR 2 s
Ac‘.qchiic "L —_— F?r(.l + (I)Z Veorfom* F'.riwl:,-l
- I " (64.30)
ng
Vv, | e=2..N42
k-1
how }/-ﬂ N‘” _ }"“ N‘.‘l
Y ALy LT e 1N (6A.31)
ce 1 i I
N® = u,Cys  €=1 (6A.32)
dy” (6A.33)
_Ji =0 c = N+2 Re

In this way a set of (2NG-1)(M+2)+(2NG-THN+2)= (ZNG-1)(M+N+4) independent
algebraic equations results with, at each collocation point, (NG-1) molar fractions and
NG molar fluxes as unknowns.

The molar flux to/from the interwafer zone, N|._,, is determined from equation {6.7)
in dirmarnsionless form:

1 .
" " 2 n5 ”U - r
Ni II" P RW I _E Vm,nram ' Z Vk.frv.k E_‘ dC_, (BA":"A)
ooy rm k-1
by means of the quadrature formula:
1 Moz Ny
[feyede L ware) (6A.35)

) =1
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with w_" denoting the weigthing factors for the interwafer zone. The final expression
for the molar flux to/from the interwafer zone is then given by:

M2

w wl|2 = &
N, |5.'1 = Rw E W EEVm‘.‘Q.m (E:‘nc) + ;Vk,ir\nk (E.-m)

gl mz

(6A.36)

In order to determine the weighting factors the integral in equation (6A.35) needs to
be evaluated for f(E)= £%":

M2

1 . w
Y wafE) = — gaet |1 o f " (BA.37)
falalh |

and the resulting f vector, consisting of (M+2) elements f., is multiplied with the

inverse of the (M+2)x(M+2) Q" matrix (Finlayson, 1872);

oot

(W) = (7@ ! (6A.38)
The resulting weighting factors are listed in Table 6A.3.

Table 6A.3: Weighting factors
for the quadrature formula in
the interwafer zone, equation
(6A.35).

w," =0

w," = 0.00875332
w," = 0.04393585
w,"” = 0.09868385
w." = 0.14076636
w," = 0.13557414
w." = 0.07226409

wy' =0

Finally, the radially averaged silicon growth rate, I?{s, , is determined from equation
(6.13) in dimensionless form:
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R, =2 [R.E)gde (6A.29)

Q

using the quadrature formula given by equation (6A.35). The final expression for the
radially averaged silicon growth rate then becomes;

M-2

Ry = 22 Woe Fg (8o} (6A.40)

[k

with the weighting factors w,," as listed in Table 6A.3.
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Appendix 6B Contribution analyses with respect to interwafer and annular space

The contribution analysis determines the relative importance of an elementary step
with respect to the total formation or disappearance rate of a species. In general, the
disappearance contribution factor of step k towards the disappearance of component
i ¢an be calculated as the ratio of the rate of disappearance of i resulting from step k,
r’, to the total rate of disappearance of i:

(6B.1)

Here, 1,0, is equal to o, 7, when i appears on the left side of a reaction and to o7,
when i appears on the right. In a similar way, the formation contribution factor can be
calculated by using the rates of steps in which component i is formed:

@, = 22 (6B.2)

with r,' is equal to cx_kiT) « when i appears on the right side of a reaction and to cxkﬂ'_k
when i appears on the left.

The disappearance and formation contribution factors are considered with respect to
all steps of the complete reaction network. The summations in equations (6B.1) and
{6B.2} therefore run over ali gas phase and surface steps. The reaction rates of the
contributing steps, r,, in mol 57, are caleulated after solving the complete set of
equations of the one dimensional two-zone model, see paragraph £.3.1.2.

Interwafer space

In case of a gas phase step, the corresponding volumetric reaction rate, r,,, in mol m*

s, is integrated over the gas phase reaction volume between two adjacent wafers by
means of the quadrature formula given by equation (6A.35):

M-2
= f f f rdY = 2nREA Y W (€ (6B.3)
T conl
g

with w_" denoting the weighting factors for the interwafer zone, see Table 6A.3. In
case of a surface step, the areal reaction rate, r,,; in mol m? s, is integrated over the
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total deposition surface area enclosing the above gas phase reacticn volume
according to:

M2

M = Jfra.m' dA = 47‘:‘:"5 Weo ra,kr'(&‘cﬂ) (6B.4)

cer1
Ay

Annular space

In case of a gas phase step, the corresponding volumetric reaction rate, r, in mol m?
"', is multiplied by the gas phase reaction volume between the wafer edges and the

reactor wall:

fa = f.J rv’.kfdv TR (Hf - H‘i) A Fok (68'5)
"

o

o nmol m# s is multiplied by the
total deposition surface area encloging the above gas phase reaction volume:

In case of a surface step, the areal reaction rate, r

r, = _Ura’k, dA = 2n R AT, (6B.6)
Ag

It should be noted that due to the occurrence of both surface and gas phase reactions,
the: contribution analyses as described above inevitably enclose the ratio of depesition
surface area to gas phase reaction volume, A/V, .
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Appendix 6C Analytical expressions for silylene and disilane concentration
profiles in interwafer zone

Concentration profile of silylane

The continuity equation for silvlene is given by:

D.S‘r'H. d| dCgy / 2 601
- e E(r L= 1l - K, Copy ~ 3 Koy Ciin (6C.1)
with the baundary conditions:
dc..
=0 S . g (6C.2)
dr
r=A, GSM2 = C-‘S*}M2 (6C.3)

In arder to integrate the second order differential equation with corresponding
boundary conditions, the silylene concentration is rewritten as:

'
fo
Com, = 5 +f (6C.4)
kK, + =K.,
v Z s‘StHa
Substitution into equation (6C.1) results in:
2
k. + 2k, .
1 d(dr) A (6C.5)
TE- '—Eﬁ DS.'HQ.m
Hearranging gives:
2
K, + — K
P O L S SV (6C.6)
dr? dr Dy m

Substitution of the modified Thiele modulus:
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2

k, y ks.sw,, (6C.7)
. = R -
¢ SME ! DS‘[HQ. m
results in:
df df 2 It
2 - =
r F rm ¢5‘IH2 ? f 0 (GCB)

The solution to this equation reads (Abramowitz and Slegun, 1970):

¥ r

f=a fu((bS:HEFw) + Kn(qu,,.,zﬁ;) (6C.9)

with |, a modified Bessel functicn of the first kind and order zero and K, a maodified

Bessel function of the second kind and order zere. The silylene concentration can now
be written as:

i
I r r
CS:‘HE = e + o ’o(q’su-rz'ﬁ") + B Ko(‘i’sw:,?) (6C.10)

k, ¢ Kks,smg,

The boundary condition at r= 0, given by equation (6C.2), leads 1o a value of zero for
[} since the derivative of Ko(‘T’smE”Hw) approaches infinity when r approaches zero,
Equation (6C.10) now reduces to:
r r
cs:ue = S — + o "o(‘]’sw«eﬁ) {(6C.11)

kv + E" K':‘.‘S‘IHE

Applying the boundary condition at r= R, given by equation (6C.3), results in the
following expression for «:

) 1 a
o | s,

6C.12
o) - (6C.12)

v S,

A

Substitution of « Into equation (6C.11) gives:
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s
05y

t f
rv a r\r‘ 6(: 13
CS;‘HZ —"'2 + .‘_'l',‘[H2 2 ’0 ( ¢)S'_H ) ( )
K, + X K, Sitty K, "y ks.SlH2 %
By defining:
!
584 Iy
Com, = — (6C.14)
kv M K ks\Sr‘Hz
the expression for the silylene concentration finally becomes:
Ii(®sr, )
2R (6C.15)
- T5A a _ ~G5A w
GS:'H2 = GS/H;, + (GS.‘HE Cssz) W
Concentration profile of disilane
The continuity equation for disilans is given by:
Dspm d| 9Cs,n 2 (6C.16)
- ""p:‘r—ﬁ ar r% = K, Lo, - = ks‘SiEHG GS.‘?HE
with the boundary conditions:
r=0 HCsits =0 (6C.17)
dr
r=A, CngHs = CSZHB (6C.18)

Substitution of equation (6C.15) gives:
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0. de..
SHam O FinH, 5854 554
2T 8 k| Cay) +(Cai, = Cangy ) e ——

rodr dr

2

- Y ks‘.SizHﬁ CSL‘,H,;

In order to integrate the second order differential equation with corresponding
boundary conditions, the disilane concentration is rewritten as;

r
Copy = B s, =) = f (6C.20)

Substitution into equation (6C.19) results in;

| r
HB {0, * 1 15 ——)
SigHem w _ 554 & _ 554 “H.,
i -k, | CER (C - CS —_
rar dr ol s,) (6C.21)
2 ry 2
- Kks.stzh'e[j lﬂ(¢.5-'H2?w) - Y ks‘.‘:;J'EHBf

Rearranging gives:

o, 4fy D 2
FpHgm i [r ﬂ] il ﬁq).éh‘-f;, !0(¢’saH2?r) = K, Céfij '

rooodryodr Rl
(6C.22)
r
I':ZJ((I) QIHE e )
"R o 2
a 854 w r
kv (CSiHy Gs,‘f-ﬁ?) W - = ks.s,‘gwe p IU(q)S‘f‘eﬁw) ) A ks‘s;?r-ﬂﬁ f
By defining:
k 2 S5 R:l
F‘—V'"" (CS:‘HQ - CSiH:) W
[j - Si:_,,l-fs‘m , +] SiH:, i (66.23)
2 ksmz A, ¥
—=— - Dau
AD z

= 5‘12! fe‘m
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equation {(6C.22) reduces to:

Denem d( df ssA 2
By considering that:
k OS5 A
foge_v o (6C.25)
2 ks.SIEHG

equation (6C.24) changes in:

AD

S'EHS‘m

2k
li(rﬂ} - Sle g (6C.26)
2

Rearranging and substituting the Thiele modulus:

0s.. = A 2 ks‘Sr'EHG (6C.27)
J2HB " A DSizHB,m
results in:
dzg dg ¢§I H,
e g, dg  Pe a o (6C.28)

fre dr A2

The solution to this equation reads {Abramowitz and Stegun, 1970):

)

He Fw (6C.29)

‘

g=m Ig(q)syz.-.-aﬁ) -8 Ko(¢512
The boundary condition at r= 0, given by equation (6C.17), leads to a value of zero
for 8 since the derivative of Kﬂ(qJSizHBr/Rw) approaches infinity when r approaches zero.
The expression for the disilane concentration now reduces to:

K S8A\ 2 r
R k, G254 A D.S‘r'a:'sm (Cém, = Cam,) Aa JQ(%.HEE)
Sighty = e+ e
¥ 2Ksm Oty = Do, h0gi) (6C.30)

r
N ’o(‘hsﬂ?hﬁﬁ")
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Applying the boundary condition at r= R,, given by equation (6C.18), results in the
following exprassion for n:

ku a zea @ .

a5 — (G, -G, ) Ay
n ‘ 1 E: . kaSiH:A ) DSI‘QHﬁ,m 2 2 N (6C31)

IO(Q)SIEHE) e Eks.SJ‘EHe, ¢§~,EHG-¢’;H?
Substitution of 1 into equation (6C.30) finally results in:
. | (Gl -GN | s,
c ) kVCSii:A . DS’gHa.m SiHy ity Tl g\ gim, A,
i A,
e QkS‘S’EHﬁ ¢§“12H6 “bf;wz ) I°(¢'5""’p)

(6C.32)

k . :
C(Cdh,~Cain) Aa ] h(®s,m, _F’T)

554
K, Csi, & Dgpy o

dee. -
R Fe b Mooy
5 5ipHg ‘Ps:‘zws ~Qain, ANEA



/

ADSORPTION OF SILANE, DISILANE AND
TRISILANE ON POLYCRYSTALLINE SILICON:
A TRANSIENT KINETIC STUDY

7.1. Introduction

in the recent past the adsorption and concomitant surface reaction pathways of the
silanes 3iH,, Si,H, and SiH, have been investigated using technigues such as
temperature programmed desorption {TPD) ¢oupled to static secondary ion mass
spectrometry (SSIMS) (Gates ef a/, 1990; Kulkarni st al, 1990a), laser induced
thermal desorption (LITD) (Sinniah et al, 1989; Wise &f al, 1891), modulated
molecular beam scattering (MMBS) (Farnaarn and Olander, 1984; Kulkami et al,
1990b) and reflection high energy slactron diffraction (RHEED) (Wemner &t af., 1994).
These studies all have been performed under UHV conditions on well-defined single-
crystalline surfaces.

Direct information about adsorption and subsequent surface reactions of silanes on
less well-defined silicon surfaces such as amorphous and polycrystalling silicon is
scarce. Indirect information mostly is based on LPCVD growth data. Buss ef al. {1988)
studied the adsarption of silane and disilane on polycrystalline silicon using molecular
beam scattering (MBS) in ths temperature range from 900 K to 1350 K. In order to
explain their eéxperimental observations a simplé mechanism was proposed,
comprising dissociative adsorption of silane and disilane forming surface dihydride
species, competing asseciative desorption of silane and further dehydrogenation of the
silicon dihydride species to solid silicon and molecular hydrogen. In this way a
reasonable agreement betweén model and experiment was obtaingd,
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in the present study an alternative method is chosen to investigale adsorption and
surface reactions of silanes on paolycrystalling silicon, The Temporal Analysis of
Products (TAP) technique (Gleaves et af, 1988) is used to provide direct information
about the Kinetics and the mechanism of the surface steps. Substrate growth rates are
not measured; the primary goal is the elucidation of the kinetics of the reactions that
produce solid layers fram SiH,, SiH, and Si;H, on polysilicon substrates, Only one
similar TAP study on CVD precursors is reported on in the literature (Svoboda et af.,
1992). In the latter the pyrolysis of timethylantimony and tetramethylin was
investigated. However, in contrast to the present work, no real planar substrates were
used for the deposition in the reactor, but supposedly inert quartz granules, imptlying
that the pyrolysis was assumed to cccur by gas phase decomposition. In the present
study gas phase reactions are excluded as far as possible in order to focus on surface
reactions only.

The relatively high reactivity of the used silanes towards adsorption on polysilicen, and
even on fully hydrogenated pelysilicon, permits a very large temperature regime from
room tempeérature up to about 1000 K to be studied. During the experiments the
responses of the silanes are followed. This implies that the quality of the data
bacomes less reliable in the high temperature regime due to the large consumption
of the silanes, Above about 900 K the conversion of the silanes in the reactor
approaches 100%. Therefore, the quality of the data at these temperatures becomes
dukious, which is in strong contrast with the MMBS measurernents of Famaam and
Olander (1984) and Kulkarni et al. (1990b). In principle both TAP and MMBS can
provide the same information about adsorption and surface reactions. However, in the
abave mentiongd MMBS studies also the product M, was followed in time, leading to
a higher reliability of the data at higher temperatures as more hydrogen is formed
during the period of measurement. At low temperatures, howsver, very few hydrogen
is formed making the interpretation of the experimental results less obvious. This
makes the present TAP and the ahove mentioned MMBS studies complementary.

7.2. Experimental
7.2.1 Apparatus

All experiments were conducted using a Temporal Analysis of Products {TAP) setup
which has been described in detail elsewhere (Gleaves et al, 1888). Only the key
features relevant to the present work are given here. The principle components of the
TAP setup include (i) a gas feed system that supplies reactants to two high-speed
pulse valves and a continuous flow valve, (i) a microreactar, (i) three interconnected
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vacuum chambers that house the microreactor valve agszembly and the UTI 100C
quadrupoele mass spectrarmeter (QMS) detector, and (iv) a Hewlett-Packard Series 360
computer workstation. Mass spectrometry is used to follow outlet responses towards
pulses of reactants admitted at the inlet with a submillisecond time resolution. A
schematic diagram of the TAP setup is given in Figure 7.1.

The microreactor, valves for introduction of the gas pulses, and & sotenoid valve for
introduction of a continuousg flow of reactant gas are located in the reactor vacuum
chamber with vacuum being supplied from a Varian VHES10 oil diffusion pump and a
Variart SD700 mechanical pump. Typical background pressures in this chamber are
in the range from 10® to 10" Pa. The differential chamber is located between the
reactor vacuum chamber and the analytical chamber. Vacuum in the differential
chamber is provided by a Varian VHS6 oil diffusion pump with a liquid nitrogen trap,
with secondary vacuum being supplied from a Varian SD700 mechanical pump.
Vacuum in the analytical chamber, containing the ionisation head of the UTI 100C
yuadrupole mass spectrometer, is provided by a Balzers TPU450H turbomolecular
pump together with a Balzers MD4TC diaphragm pump. The pressures in the
differential and analytical chambers are usually 10® and 107 Pa respectively.

10? pa HIGH 10 %a | 157 pa
SPEED
PULSE
VALVE
—] l TZERO-VOLUME" T
— MANIFOLD QU8 J y
CONTINUQUS VALVES —
- . MICROREACTOR N N
I .t QUADRUPOLE
MASS
BPECTROMETER

REACTOR DIFFER-| ANALYTICAL
VACUUM ENTIAL CHAMBER
CHAMBER  |CHAMBER

Figure 7.1: Schamatic representatior; of TAP setup.
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7.2.2 Microreactor

The microreactor developed for the present work is shown in Figure 7.2, It can be
considered as a batchwise operated reactor. Indeed, the reactants are admitted in
typically 200 us which can be considered instantaneously compared to a typical
residence time of 20 rms. The square incone! microreactor with an inside diameter of
4.34 mm and an overall length of 47.2 mm is charged with seven Si(100) waters,
placed at equal distances of 278 pm from each other. in this way Knudsen diffusion
is ensured for gas pulse intensities up to 3 10" molecules per pulse. The microreactor
parameters are given in Table 7.1, The reactor temperature is menitored using a K-
type thermocouple located half-way the wafars, For PID temperature control a second
K-type thermocouple is positioned in the reactor wall.

As a consequence of the low pressure inside the reactor vacuum chamber significant
axial temperature gradients exist over the wafers, see Figure 7.3. Moreover, pulse
injection reésults in total pressure non-uniformity in axial direction. Figure 7.4 illustrates
the evolution of a typical pressure profile following upon pulse injection. At any time
the pressure is the highest at the entrance of the microreactor and decreases to zero
at the outlet of the microreactor where vacuum conditions prevail Except at the
entrance of the microreactar, whare the pressure decreases monctonically with time,
a maximum in pressure arises as a function of time at each axial position.

HIGH-SPEED

BACK PREZSBURE PULIE VALVE

GA3 INLET
FLOATING FERROMAGNETIC DISK

#—~ TEED GA3 INLET
% GYEN

looooo;ool

L oeer BCREENS mee |

ELECTRIC COQTLS

ETEM

"LERO-YOLUME®
MANIFOLD

THERMOCHITLES

e

Figure 7.2: Schematic representation showing TAP microreactor,
furnace, manifold and one high-speed pulse valve.
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Table 7.1: Values of the microreactor parameters

stack porosity e 0513mj>m>?
specific surface area of stack a, 3.99410°mSm3?
stack length L 3.010%m,
distance between wafers in stack h 278 10° m*m,”
crass sectional area of stack A, 1.8810°m?

adsorption site density L,  1.1310® molm®
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( e h-h-_"ﬂa.._
Q00 ’- g
¥ o e
— m"‘-\
o 8cor e
=] T R R
© “‘x_w
B reof
g o= S—— N
ot H"\-u..‘_a
800 ¢
“g Bor— - —— 6——----—-‘-5\6
E00 T
Ao g
™
400 . . :
00 QR 04 OB 08 10

fractional wafer position / —

Figure 7.3: Measured temperature profile in
microreactor varsus the fractional wafer position
at the reactor wall temperatures: o0 T= 973 K,
OT=873K vT=773K o T=673K, » T=
873K, + T=473 K.
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7.2.3 Materials

Argon {89.999%, Hoekloos), a mixture of helium, neon, argon, krypton and xenon
(20% each, Air Products), silane (99.999%, Air Products), disilane (99.99%, Air
Products), trisilane (99.28%, Solkatronic), hydrogen (99.999%, Hoeklcos), and
deuterium (99.8%, Hoekloos) are used. Pure trigilane and binary gas mixtures of
gilane/disilane and argon are used as feed gases for the transient experiments. Argon
serves as reference component for determination of the pulse size and calculation of
the effective Knudsen diffusion coefficient of the other reactant gas. Deuterium is
admitted to monitor deuterated desorption products from the surface. MHydrogen is
used for pretreatment of the deposition surface.
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Figure 7.4: Calculated prassure profile in microreactor as a function of time and axial
coordinate after the introduction of an argon pulse of 2 10" moleculas at t- 0 & at the
entrance of the wafer stack of length 30 mm with a distance between the walers of
278 ym at 462 K.

Double-side polished (100) n-type silicon wafers with a resistivity of ~ 0.015 &2 cm and
an average thickness of 302 pm are cleaved into small rectangular slices with
dimensions 4 and 30 mm and placed inside the microreactor. Prior to each series of
éxperiments the slices and reactor walls are purged with hydrogen at 1100 K and
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coated with approximately 1000 monclayers of undoped polyerystalling silicon at 900
K. Paossible effects of a thin native oxide layer, present in spite of the hydrogen
pretreatrnent, are eliminated during the initial stages of this deposition run.

The adsorption capacity, i.e. the maximum number of molecules that can adsorb on
the wafers and reactor walls, equals about 1.5 107,

7.2.4 Procedures

Types of experimants

Expetiments are conducted using both the scan and pulsed modes of operation,
reported in detail elsewhere (Gleaves et al,, 1988, Huinink, 1995),

In a typical scan experiment a continuous fiow of a reactant gas or mixture is
introduced to the microreactor, and a user-specified mass spectrum is scanned. Scan
experiments are uséd for determination of the fragmentation patterns of the pure
reactant gases as well as for tracing and identification of important reaction products
formed in the microreactor.

In & typical pulsed meds experiment the pulse valve driver and reactamt pressure are
adjusted ta produce the desired gas pulse intensity. The OMS is then set to an
appropriate amplifier range and mass center for the AMU value to be monilored.
Fulse, multipulse and alternating pulse experiments can be distinguished.

During & pulse experiment the raw output signal from the GMS is sampled at a
minimum time increment of 10 ps ovar & minimurm sampling period of 0.1 s to produce
a maximum of 10000 paints per pulse. Provided the pulse shape does not change
from pulse to pulse, subsequent pulses, admitted to the microreactor at a user-
specified time interval called the repetition time, are signal averaged 1o improve the
signal-to-noise ratio. In most cases, at least tan pulses are needed to obtain a stable
response signal as required for the pulse averaging.

During & multipulse experiment a specified numbar of pulses is given during a
specified time interval. No signal averaging is applied in order to visualize the intensity
change during the expariment, for instance becauge of a changing condition of the
surface,

During an alternating pulse expariment reactants are introduced in an alternating
sequence using the two high-speed pulse valves at a specified time-interval. The data
collection window for the QMS is set in a way that both pulses are recorded in the
same output résponse, The sequence is repeated to improve the signal-to-noise ratio.
Silane, disilane and trisilane have key fragments at AMU 30, AMU 60 and AMU 85.
The main peak of silane occurs at AMU 30, while those of disilane and trigilane
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coincide at AMU 60. During the pulsed mode experiments, silane is monitored at AMU
30, disilane at AMU 30 and AMU 60, and trigilane at AMU 30, AMU 60 and AMU 85,
whereas molecular hydrogen and argon are followed at AMU 2 and AMU 40,
respectively. Due to the low pumping efficiency for hydrogen, quantitative analysis of
this surface generated product is not ¢considered accurate enough.

Calibration factor determination

For a quantitative interpretation of the pulse responses, calibration is required with
respect to the number of molecules in a puise. An absolute calibration factor relates
the peak surface area to the amount of molecules leaving the reactor per pulse,
Determination of the calibration factor for argon is carried cut by allowing a continucus
flow of argon from a vessel with known volume, V, through the microreactor during a
specific time, At, while monitoring the constant QMS signal, |,,,s. The molar flow rate
of argon i calculated from the pressure decrease of argon in the vessel, Ap,., the
vessel volume and the release time. Applying the ideal gas law, the absolute
calibration factor for argon, C,,. can be caleulated according to:

ApAr v

= (7.1)
¥R T A e

with C,, in mol C" and I, in C s"'. The absolute calibration factors for silane and
digilane are obtained from silane/argon and disilane/argon mixtures of known
composition, With these factors it now is possible to convert the QM3 signals into flow
rates in moles per second.

Regression analysis

TAP responses ¢an be calculated by integrating the appropriate continuity equations
analytically or numerigally (vide infra). In this work the numerical integration is used
during the estimation of parameters with a singlé-response regression routing
(Marquardt, 1963), see also paragraph 4.3.3. The regression consists in obtaining
maximum likelihcod estimates of the parameters such as effective Knudsen diffusion
coefficients and reaction rate coefficients by application of the least square criterion
to the observed and calculatad molar flow rates at the outlet of the microreactor. The
used objective function is based upon the assurnption that experimental errors are
normally distributed with zere mean. The significance of the global regression is
expressed by means of the so-called F-ratio which is based on the ratio of the mean
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regression sum of sguares to the mean residual sum of squares (Draper and Smith,
1966). The significance of the parameter estimates is tested by means of their
approximate t-values. These approximate t-valuss are used to determine the 95%-
confidence intervals reported in this work.

For trigilane no good calibration of the pulse intensity couid be obtained as pure
trisilane was used. So in this case the total amount of sample gas, N, 15 treated as
an extra parameter and estimated with the above parameter estimation method. It
should be noted that, at least for linear processes, the pulse intensity is not important
in the: kinetic parameter estimation. The highest binary correlation coefficient betwean
estimated pulse size and other parameters used in the modelling of the trisilane
responses amounts to 0.91.

In addition, it is necessary to estimate a delay time t, for all experiments,
correspending 1o the time interval betwgen the triggering of the valve actuator and the
opening of the pulse valve. Included in it is the mean time delay needed for the
molecules to travel from the reactor cutlet to the quadrupole mass spectrometer, For
all experimants a delay time of about 1.2 ms is found, which ig in agreement with the
vaiues observed exparimentally.

7.3. Qualitative results
7.3.1 Adsorption of silane

Pulse experiments with a gas mixture of 20% argon and 80% silane were performed
in the temperature range from 300 to 1000 K with pulse intensities between 1 10" and
110" molecules per pulse, i.e. with pulse sizes up to roughly the adsorption capacity
of the microreactor.

In the temperature region up to 820 K a rather low and steady conversion of silane of
about 16% is observed. Above this temperature the conversion rises sharply indicating
a shift in activation energy and/or adsorption mechanism.

Analogue scan experiments show no evidence for gaseous products formed during the
chernisorption except for hydrogen. In addition, alternating pulse experiments in which
the surface is pretraated with deuterium prior to the admittance of silane do not show
formation of deuterated silanes. This demonstrates that silane adsorption is irreversible
and that silicon hydride intermediates formed at the surface in the subsequent
decomposition reactions do not desorb either.

Multipulse experiments in the temperature region balow 820 K show non-changing
response shapes for over 200 silane pulses, which is indicative for an unaltered
adsorption surface during the experiment, In the high temperature region multipulse
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experirments are rather difficult to reproduce, whereas signal heights are increasing
steadily during the multiputse sequence. Up to 60 pulses are needed 1o obtain a
steady signal of the silane responge. The conversion of silane increases considerably
as welt in this temperaturg region. A more quantitative discussion of silane adsorption
at high temperatures will be given in paragraph 7.4.4.

7.3.2 Adzorption of higher gilanes
Trigilane

Pulse experiments with pure trisilane in the temperature region up to 710 K show a
rather low conversion of trisilane, incréasing from about 18% at 300 K to almost 35%
at 710 K, which is indicative for a slightly activated chemisorption reaction of trisilane
i this region. Figure 7.5 shows the normalized responses of AMU 30, AMU 60 and
AMLU) 85 measured during a pulse experiment performed at 648 K. The fact that all
responses coincide points out that formation of silane and disHlane does not occur.
Multipulse expeariments with pure trisilane performed in the same temperature region
reveal equal response shapes over more than 100 pulses, indicative for a non-
changing adsorption surface. Moreover, deuterfumitrisilane alternating pulse
experiments in which the surface is pretreated with deuterium prior to the admittance
of trisilane show ne formation of deuterated trisilane or of deuterated silicon containing
products. This indicates that tisilane adsorption is irreversible and that possible silicon
hydride species formed at the surface in subsequent dacomposition reactions do not
desorb either.
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Figure 7.5: Normalized responses of AMU 85 (A), AMLU 60 (B) and
AMU 30 (C) during a pulse experiment with pure trisilane at 648 K.
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Above 710 K a second chemisorption réaction of trisilane is observed, leading to
considerably higher conversions of trisilane. Figure 7.6 again shows the normalized
responses of AMU 30, AMU 60 and AMU 85, but now for a puise experiment with pure
trisilane performed at 846 K. The abundance of the AMU 30 responsé compared to
the coinciding AMU 60 and AMU 85 responses pravides direct evidenca for the
presence of silane formation and the absence of disilane formation. The maximum of
the sitane outlet molar flow rate ocours at approximately 1 10 s and the maximum of
the trisilane outlet molar flow rate at 5 10™ s. The guestion now arises if silane is
formed through heterogeneous or through homogeneous decomposition of trisilane,
Humogeneous decomposition of trisilane into silane and silylsilylene is possible on the
time scale of a typical pulse experiment, 107 5, as may be calculated using the Rice-
Ramsperger-Kassel-Marcus (RRKM) theory, see paragraph 5.3, The corresponding
unimolecular reaction rate coefficient, calculated from the values listed in Table 5.4,
amounts to 55.5 57 at 850 K and 100 Pa, giving rise to a characterigtic reaction time
of 1.8 10* s, which indeed is comparable to the time scale of a pulse experiment.
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Figure 7.6: Normalized responses of AMU 85 (A), AMU 60 (B) and
AMLI 30 (C)} during a puise experiment with pure trisifane at 846 K,

Evidence for the heterogeneocus decomposition of trisilane into gilane, however, is
obtained from Figure 7.7 showing the overall AMU 30 response, originating from both
trisilane and formad silane, as a function of pulse intensity at 797 K. The responses
A to D clearly consist of two peaks, one positioned at roughly 4 10° s and
carresponding to the response of trisilane, and another located around 1.3 10% s
reflecting the response of the formed silane. With decreasing pulse intensity geing
from response A to D and, hence, with decreasing total pressure the relative
importance of the silane response increases. This effect is opposite to that expected
on the basis of the RRKM theory, meaning that the silane leaving the microreactor is
formed at the surface during the chemisorption of trisilane.
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Figure 7.7 in addition shows that the amount of formed silane, reflected by the suriace
area of the corresponding response, is independent of trisilana pulse intensity for
resporses A to D. This implies that the number of sites available for trisilane
adsorption is independent of the number of admitted trisilane molecules. The response
denoted by E clearly behaves different, Here, the number of admitted trisilane
molecules probably is smaller than the number of available adsorption sites, During
this pulse practically all admitted trisilane is converted, as indicated by the
indigtinguishability of the cerrespanding AMU 60 and AMU 85 responses from the
noige signal. The overall AMU 30 response denoted by E theérefore mainly originates
from silana.

e m n xmewmEM T
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Figure 7.7: AMU 30 response, originating from bolh trisilane and
formed sllane, as a function of pulge intensity during pulse experi-
ments with pure trisifane at 787 K. Pulse intensity decreases from
Ao E

Figures 7.8 and 7.9 show the trisilane AMU 60 and the overall AMU 30 responses as
a function of the temperature. The trisilane AMLU 80 response decreases with
increasing temperature from 772 K (A) to 869 K (D). At 944 K all trisilane is converted.
The corresponding response, not shown, completely coincides with the time axis. The
faster the adsarption with increasing temperature, the shorter the mean residence time
of the trisilane molecules. This is caused by the greater adsorption probability of the
trisilang molecules with a larger residence time, leading to less tailing. At 772 K
normalization of the trisifane AMU B0 and the averall AMU 30 responges, similar to the
case depicted in Figure 7.6, demonstrates the presence of a small amount of formed
silane. An increase in temperature from 772 K to 819 K shows a decreise in the
trisilane AMU 60 response with a concomitant increase in the overall AMU 30
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response, indicative for more silane formation at higher temparature. By increasing the
ternperature from 819 K to 846 K more silane is formed. Then going from 846 K to
944 K the overall AMU 30 response considerably reduces in height and exhibits a
strong narrowing. Thig points to adsorption of the gilane formead upen the adsorption
of trisilane. At 944 K the overall AMU 30 response fully originates from silane as all
trisilane has been converted at this temperature,
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Figure 7.8; Trisilane AMLI 60 response as a function of temperature
during pulse experiments with pure trisilane at fixed pulse intensity.
(A) T=772 K, (B) T= 819 K, (C) T= B46 K, (D) T= 869 K.

In the literature it is generally agreed that the adsorption processes of silane and
trisilang are not or anly slightly activated. Reported activation energies for silane
adsorption ranga between 0 and 17 kJ mol' (Gates et al., 1989; Gates and Kulkami,
1991; Buss ef al, 1988), whereas Gates (1988) obtained a negative activation anergy
for trisilane adsorption of -21 kJ mo!”. The strong effect of temperature on the trisilane
and formed silane responses, outlined above, most probably can be attributed 10 a
strongly activated surface procéss responsible for the partial regeneration of the
hydrogenated silicon surface in the time intervals between subsequent pulses. An
increase in temperature from 772 K to 819 K cansequently results in an increase in
the number of vacant surface sites at the beginning of the pulses and hence in an
increase in the number of converted trisilane and formed silane molecules. At these
temperatures the number of vacant surface sites probably is too small to additionally
permit adsorption of the formed silane. Around 846 K the onset of silane adsorption
can be detected, considering the narrowing of the ovarall AMU 30 response denoted
by (C). A further increage in temperature towards 944 K results in an even faster
regeneration of vacamt surface sites in the time intervals between the pulses, leading



to an #nhanced adsorption of silane and hance to a decrease in the number of silane
molecules reaching the outlet of the microreactor. Note that afmost all of the admitted
trisilane molecules are converted at these high temperatures,
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Figure 7.9: AMU 30 response, originating from bath trisilane and
formad silane, as a function of temperature during pulze experi-
ments with pure Irisilang at fixed pulse intensity, (A) T= 772 K,
(B) T=819 K, (C) T= 846 K, (D) T= 869 K, (E) T= 944 K.

Disilane

Pulse experiments with a gas mixture of 20% argon and 8Q% disilane in the
termperature range betwaen 300 K and 900 K using pulse intensities from 1 10" to 1
10'® molecules per pulse revealed similar results to those reported for trigilane in the
previous section.

In the temperature region up to 640 K a rather ¢onstant disilane convearsion of roughly
25% can be derived from an overall silicon balance, indicating that the chemigarption
of disilane is only slightly activated. As in the case of trigilane, no silane formation is
observed in this low temperature region. Deuterium/disilane alternating pulse
experiments in which the surface is pretreated with deuterium prior to the admittance
of disilane do not show any significant responses of deuterated silicon hydride species,
implying irreversible adsorption of disilane and the absence of desorbing silicon
hydride intermediates formed at the surface in subsequent decomposition reactions.
Moreover, multipulse experiments reveal equal rgsponse shapes over more than 100
pulses in the same temperature region, indicative for a non-changing adsorption
surface.
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Abhove 640 K another chermigorption reaction of disilane is observed, producing silane
in the gas phase. The considerably higher disilane conversion in this tamperature
region points 10 a shift in activation energy to much higher values. The question again
ariges if silane is formed through heterogeneous or through homogensous
decomposition of disilane. With the RRKM values listed in Table 5.4 a unimaolecutar
reaction rate coefficient equal to 134 &' can be calculated for gas phase
decomposition of disilane into silane and silylene at 100 Pa and 850 K. Comparison
of the resulting characteristic reaction time, 7.5 102 s, with the time scale of a pulse
experiment, 107 5, does not allow to exclude homogeneous silane formation. However,
avidence for the heterogeneous formation of silane is obtained from Figure 7,10,
showing the overall AMU 30 responge, originating from both disitane and formed
gilane, as a function of pulse intansity at 821 K. With decreasing pulse intensity going
from response A to E the maximum of the peak shifts to larger time values, This
indicates that the overall AMU 30 response is mainly caused by the desorption of
gilane and not by the fragmentation of disilane in the quadrupole mass spectrometer.
In the latter case the peak maximum of the presented AMU 30 response would shift
in the opposite direction, in exactly the same way as the response completely
representative of the non-converted disilane. The formation of larger amounts of silane
at lower pulse intensities, i.e. at lower total pressures, eliminates the possibility of
homogensous silane formaltion, since gas phase decomposition of disilane will be
faster at higher prossures, see paragraph 5.3.
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Figure 7.10: Normalized AMU 30 responsa, originating from both
disifare and formed silane, as a function of pulse imtensity during
pulse experimenis with a mixture of 20% Ar and 80% disilane at

821 K. Pulse intensity decreases from A to E.
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Similar temperature effects as those shown in Figures 7.8 and 7.9 on the responses
reprosentative of trisilane and formed silane are observed in the disilane/argon pulsa
expetiments porformed at various temperatures above 640 K. Upen increasing the
temperature the response reprasentative of formed silane first increases, then reaches
ita maximurm value at about 650 K, and finally decreases.

7.4. Quantitative results and discussion
7.4.7 Experiments with inert gas

An inert isothermal gas mixture can be transported through the microreactor by
various mechanisms such as viscous flow, molecular diffusion and Knudsen diffusion.
At high pressures, i.e. at pulsa intensities above 2 10'7 molecules per pulse, viscous
flow will dominate, whereas at low pressures, i.e. at pulse intensities below 5 10
molecules per pulse, diffusional transport will be predominant (Huinink, 1995).
Molecular diffusion in gas mixtures can be neglacted as at low pressures molecular
diffusion coefficients are much larger than Knudsen diffusion coefficients. Note that
both types of diffusional resistance must be added (Mason and Malinauskas, 1883),
A pulsed mode experiment involves total pressures of many orders of magnitude:
relatively high pressures at the reactor inlet in the beginning of the pulse and low
pressures at the reactor outiet, see Figure 7.4. To ensure that the gas transport is fully
determined by Knudsen diffusion, the effective diffusion coefficient has to be
determined as a function of pulse intensity. In case of Knudsen diffusion. this
coefficient has to be a constant for constant temperature, showing a square root
dependence on temperature and an inverse square root dependence on the molar
mass of the molecule under consideration.

In case diffusion is the controlling mechanism of gas transport and no reaction ccours,
the continuity &quation under isothermal canditions for a gas phase component A in
the microreactor is given by:

L8, ¥C, 7.2)

a1 A A KT

where C, is the gas phase concentration of component A (mol m,?); & the porosity of
the stack in the microreactor (m * m%); D,; , the effective diffusion coefficient of A (m °
m," s"); x the axial coordinate in the microreactor (m,}, Equation (7.2) has to be solved
using the following initial and boundary conditions (Huinink, 1995):
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N,
tet, N Osxsdi CA:S"E’%A (7.3)
&
ac
tzf, A x=0 A=0 (7.4)
i+ ax
tzty, A x=L C,=0 (7.9)

Here, N, is the inlet pulse size of component A (mal); A, the cross sectional area of
the microreacter (m%); L the stack length {m,). The initial condition, given by equation
(7.3), spacifies that the inftial gas phase concentration profile in the microreactor is a
delta-function, which is a good approximation as long as the time scale on which the
inlet pulse is admitted is much smaller than the time scala of the experiment, Other
initial conditions, however, are conceivable (Zou et al, 1994), but the above initial
condition is the easiest to implemant both in the analytical and in the numerical
solution of the continuity equation. Moreover, calculations of molar flow rates using
various initial conditions reveal only minor differences between them, mostly within
experimental error. The first boundary ¢ondition, given by equation (7.4), implies the
absence of flux at the reactor inlet when the pulse valve is closgd. The second
boundary condition, given by equation (7.5}, specifies that the reactor outlet is kapt at
vacuurm conditions. The molar flow rate of component A, F,, at the outlet of the
microreactor (mol 87, i.e. at x = L, is given by:

a
ol A Aa aXA lx-r_ (7‘6)

Falou = -D

wed

The set of equations given by (7.2) to (7.6} can be integrated analytically lsading to
a series expansion of the molar flow rate of A at the reactor outlet as a function of
time {Huinirtk, 1995), see Appendix 7A. Alternatively it can be solved numerically using
the NAG Fortran Library routine DO3PGF (NAG, 1991}, This routine integrates a set
of nonlinear parabolic differential equations in ong space variable by the method of
lines and Gear's method. The partial differential equations are approximated by a set
of ordinary differential equations obtained by replacing the space derivatives by finite
differences. This gét is then integrated forwards in time uging the method of Gear. The
approximation applies a uniform user-specified grid in the space direction, whereas the
time intervals are chiosen by the routine. The routine does not allow a delta-function
for the initial gas phase concentration profile such as given in equation (7.3).
Therefore, the initial gas phase concentrations at the first and second discretized
space points arg set to the value C,°, given by:
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@ 2 Np.A

0. T eA (7.7)
3e A Ax

with Ax denoting the distance between two successive grid points (m,). [n this way the
boundary condition, given by eguation (7.4), is satisfied at t= t,. The gas phage
concentrations at the third and following grid points are taken zero. A comparison
between analytically and numerically calculated molar flow rates for various sets of
parameters showed that at least 100 spacial grid points need to be appiied to obtain
an agresment within 0.25% between them,

Pulse experiments with an inert gas mixture of helium, neon, argon, krypton and xenon
were performed using total pulse intensities from 5 10" up to 1 10" molecules per
pulse. Knudsen type diffusion was experimentally confirmed by reducing the inlet gas
pulse intensity until for each component the normalized output résponse remains the
same. This was found {0 occur at an intensity of approximately 3 10°* molecules per
pulse. The numerical model was used for the estimation of effective diffusion
coefficients as discussed in paragraph 7.2.4. An initial guess of the parameter is given
by W, the width of the response curve at half-height (s), which can be deduced from
the analytical solution, see Appendix 7A:

n 4
- 04207 EL (7.8)

et A

W,

/7

Figure 7.11 presents the results from the expariments in which the five inert inlet
gases are pufsed through the wafer-stacked microreactor at a total pulse inlensity of
about 10" molecules per pulse and 312 K. The estimated effective diftusion
eoefficients are shown versus the inverge square roat of the meolar mass. A linear
dependence as expecled for Knudsen diffusion is observed. Similar experiments in
which argon is putsed while the reactor temperature is varied between 313 K and 841
K show the expected square root dependence of the effective diffusion coefficient on
the temperature, $ee Figure 7.12. Figure 7.13 shows a typical experirmeantal argon
response as compared to one caleulated with model equations (7.2) to (7.6) for pulse
sizes below 3 10" molecules. An almost perfect agreement is obtained between
experimental and calculated curve using only two parameters, i.e. the effective
diffusion coeefficient and the delay time, t,. For all experiments a delay time of about
1.2 ms is found.

The above results indicate that at sufficiently low pulse intensities, thus at pulse sizes
below 3 10" molecules, Knudsen diffusion is the dominant mechanism of gas
transport in the microreactor. In principle the effective Knudsen diffusion coefficient can
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be calculated from:

Dha= Ti Dx, (7.9)

with £ and 1, the porosity and tortuosity of the wafer packed microreactor, and D", the
Knudsen diffusion coefficient given by:

BRT
M

A

f,(wih) £,{H/L) (7.10)

Here, h is the distance between two successive wafers in the stack; w the width of the
wafers; L the length of the wafers. R, T and M, have their usual meaning. The function
f,(w/h) corrects for the effact of noncircular cross section as given by Eldridge and
Brown (1976). The functian f,(h/L) corrects for the finite length of the microreactor as
discussed by Clausing (1929).
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Figure 7.11: Estimated effective diffusion Figure 7.12; Estimated effective diffusion
coefficients of He, Ne, Ar, Kr and Xe coefficient of Ar versus the square root
versus the inverse square root of their of the reactor termperature.

molar mass at 312 K.

Introduction of both corrections leads to calculated values of the effective Knudsen
diffusion coefficient for argon which only are equal to the measured values if 1, is set
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at about 4. Thus the calculated values of the effective Knudsen diffusion coefficient
are much larger than those deduced from the responses as for the wafer-packed
microreactor a tortuosity t, equal to 1 is expected. Coroneli and Jensen (1992)
simulated transition regime flow in a horizontal LPCVD reactor by means of a Monte
Carle method and obtained Knudsen diffusion coefficients a factor of @ lower than
expected from equation (7.10) without the correction function f.(b/L). It was argued that
the notion of a Knudsen diffusion coefficient in the interwafer geometry is ill-defined
since the diffusing molecules are not completely confined by the wafers as is the case
for the situation of axial diffusion through an infinite tube. Clausing stated that the
function {,, deduced for a finite cylindrical tubea only, is a very crude approximation. A
better understanding of Knudsen flow in finite [ength, non cylindrical tubes should be
a subject of further study. For the present purposes, however, it is sufficient 1o have
shown the linear relation between the effective diffusion ceoefficients in the CVD
microrgactor and the inverse square root of the molar mass of the used gases and the
square root of the tempearature. In this way it is possible 1o calculate effective Knudaen
diffusion coefficients for all gases in a mixiure at an arbitrary temperature knowing only
one at a given temperature.
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Figure 7.13: Argon molar flow rate at outlet of micro-
reactor versus the time at 462 K. Full line: experimental.
Dashed line: calculated using equations (7.2} to (7.6}
and the estimated values D, .= 1.37 107 m/ m,' &'
and t,= 1.07 10° s. N, .= 3.41 107 mol,
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7.4.2 Accessible (pseudo-)first order kinetic parameters

In this paragraph the window of (pseudo-)first order kinetic parameters will be
discussed that is accessible with the setup useéd in the present study. Reaction rate
coefficients measurable with TAP have a lower and a higher bound. These bounds
arise because the measured outlet signal has to show a significant deviation from both
the noige sighal and from the cutlet signal in case no reaction oceurs. Consider a
{pseudo-)first order reaction:

K
A = Products (7.11)

which could be an chemisorption reaction where the fraction of vacant sitas for
adsorption is assumed to be constant, or a gas phase reaction. The corresponding
continuity equation for reactant A, taking Knudsen diffusion s the predominant mode
of transport, is given by:

e 22 - 04, a;;A . (7.12)
with:
r, = a,LkC, {7.13)
in case of an adsorption raaction, or
r, = ek, C, (7.14)

in case of a gas phase reaction. Here, k, (m.* mof” sy and k, (s") are the (pseudo-)
first order reaction rate coefficients for adsorption and gas phase reaction,
respectively, The corresponding initial and boundary conditions are again given by
equations (7.3) to (7.5}, In dimensionless form equation (7.12) reads:

ac ?

G _FC pac, (7.15)
a1 gzt

where the dimensianless time t and the dimensionless place coordinate z are given

by:

_ Daya t (7.16)

gl?
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i= {7.17)

X
T
and the Damkodhler-l number is defined as:

2
r,L

A {7.18)
Doﬂ.fi. C,q

Da, =

corresponding to the ratio of the time scale of transport through the microreactor to the
time scale of reaction. Equation (7.15) can be solved analytically using the Laplace
Transform methed (Huinink, 1995). It iz easily verified, see Appendix 7A, that the ratio
of the signal surface areas with and without reaction, @, is given by:

a-_ ' (7.19)

coshy Da,

The conversion in the reactor obviously is equal to 1-Q. Assuming that a response
surface area of approximately 1% of the inlet surface area is significantly above the
noise level and therefore readily detectable, substitution of 1% in equation {7.19} and
solving for Da, yields a value of 28 for the upper bound of the Damkdtder-l nurmber.
Under the assumption that a deviation of 5% of the width at half height of the
response signal W, ; is significant, a Damkahler-1 number of 0.19 is obtained for the
lower bound. See Appendix 7A for further details, Both criteria can be cast into:

28 = Da, = 0.19 (7.20)
This equation states that the time scale of adsorptien here defined by:

T _& (7.21)

T, - - (7.22)

should be comparable to the time scale of transpor through the microreactor within
a factor of about 10 to both sides. This statement not only is true for chemisorption or
gas phase reaction, but in fact for every reaction in the wafer-packed microreacior that
has some influence on the measured respenses. A reaction with a characteristic
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reaction time beyond the range defined by equation (7.20) will eiher have no
significant effect on the response shape, or will be instantaneous on the timse scale of
the experiment,
In terms of the mean residence time of an inett in the microrgactor, 1., and the time
scale of a (pseudo-)irst order reaction, 1,,,., the criterion given by equation (7.20) can
be restated as:

renc?

1051, 2 T,, 2 0077, (7.23)

r4s T Treas —

as shown in Appendix 7A. Defining next to 1,,, characteristic times for (pseudo-)first
order desorption, T, (8), and surface reaction, 1, (s}, as:

T = e (7.24)
=l kd
and:
1
T, = — 7.25
w = (7.25)

with k, and &, dencting the (pseudo-)first order reaction rate coefficients for desorption
and surface reaction respectively, an estimate can be made of the lower and upper
bounds of the chemical time scales accessible by TAP experiments using the CVD
microreactor with a typical residence time of 20 ms. A range from about 100 up to
10000 m.? mot”’ 5" is obtained for the (pseudo-)first order adsorption rate coefficient.
For the desorption and surface reaction rate cosefficients a range from 10 to 1000 5™
is calculated. Hence, the wafer-packed microreactor allows to sbtain information about
elermentary reactions cccurring on a millisecond time scale.

7.4.3 Adsorption of silanes at low temperatures

The qualitative experiments outlined in paragraph 7.3 revealed a weak temperature
dependence for all three silanes in the low temperature region, which may be
attributed to adsorption kinetics {Buss ef al, 1988; Gates, 1988). Moreover, in the
same region the surface was found to have a constant composition even after 100 to
200 pulses, that is after the adsorption of at least several monolayers. For example,
200 pulses of silane at a conversion of 16% correspond to the adsorption of 10
monolayers considering a mean pulse size of 5 10" molecules per pulse and the
adsorption capacity of the microreactor equal to 1.5 10" molecules. This is not much
of a problaérn as long as the reactions after the adsorption step are so fast that in the
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time interval between two pulses, which is mainly of the order of a second, the free
surface can be regenerated. It is known, however, that hydrogen desorption, whether
first order as on Si(0071) (Sinniah ef af., 1989, D'Evelyn et al., 1992, Wise et al., 1991)
or second order as on Si(111) (Wise ef al, 1991), is a slow process with a
characteristic time of about 1 s even at 850 K. This is consistent with the results
obtained by Holleman and Verweij (1993) and those presented in Chapters 4 and 5
of this thesis. These kinetic modelling studies showed that the desorption of molecular
hydrogen from the hydrogenated polysilicon surface ocours with a similar characteristic
time.

From the above congiderations it can be inferred that the silicon surface used in the
low temperature TAP experiments is almost completely saturated with hydrogen.
Adsorption processes therefore can not take place at vacarmt surface sites but have
to occur at hydrogen covered sites. This implies that adsorption most likely occurs via
an insertion reaction, e.g, for silang:

$i(s)-H + SiH, — Si(s)-SiH, + H, (7.26)

Since in the low temperature region the reactivity towards adsorption is about equai
for all three silanes, as can be deduced from the experimental conversions, simitar
reactions are postulated for the higher silanes:

Si(s)~H + Si,H, — Si(s)-Si,H, « H, (7.27)

Si(s}-H + 8i,H, — Si(s}-Si.H, + H, (7.28)

With Knudsen diffusion as the predominant mode of gas transport the mass balance
for all three silanes becomes:

L 05 i a G . a, Lk, C (7.29)
ot ax?
which is subjected to the initial and boundary conditions given by eguations {7.3) to
(7.5). Here, k. denotes the adsorption/ingertion rate coefficient. The disappearance
term on the right-hand side of this equation features no dependency of the coverage
of hydrogen covered sites. It implies a canstant and uniform adsorption surface during
the pulse experiment. Complete desorption of hydrogen from the formed, presumably
very instable, compounds up to monohydride species will indeed result in a surface
with the same amount of active Si-H sites for all three sitanes at the beginning of each
pulse. However, this neads not necessarily be true as can be inferred from literature

on plasma-free CVD growth of hydrogenated amorphous silicon layers (Kanoh f al.,
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1993). These layers were grown in the same temperature region in which the TAP
experiments have been performed. The data support a hydrogen content in the bulk
of the layer of seven atomic percant for trisilane and of about five atornic percent for
disilane, both at 673 K, implying that probably not all secondary hydrogen atomns
desorb during the growth process. The figures may suggest small changes in the
availakle amount of adsorption sites, i.e. of Si-H sites at or near the surface, for the
various silanes, However, it is questionable whether secondary hydrogen atoms on
adsorbed higher silanes are sterically available as adsorption sitas. Static SIMS
measurements on 5i(111) (7x7) show that adsorbed SiH-species are the primary
stable species after exposure of the silicon surface to disilane in the temperalure
region of interast (Kulkami ef al, 1990a). From time-of-flight direct reactivity
measurements of the surface hydrogen coverage on Si(100) during Chemical Beam
Epitaxy (CBE) growth of silicon from SitH, and Si,H, (Gates and Kulkarni, 1992) about
constant surface hydrogen/silicon atom ratio’'s were obtained at low temperatures,
although for SiH; the ratio proved not to be 1.0 but 1.5. These measurements give
evidence for a constant amount of adsorplion sites as requested by the above stated
model.

Pulse expeariments with a binary gas mixture of 20% argon and 80% silane performed
in the temperature range frorn 462 to 850 K were modelled using the above mentioned
equations. The effective Knudsen diffusion coefficient of silane was obtained from that
of argon by correcting the latter by the appropriate square-roct inverse ratio of the
carresponding rmeolar masses. This appreach reduces the total number of unknown
parameters to be estimated. The parameter estimation was performed as outlined in
paragraph 7.2.4,

Figure 7.14 shows a typical comparison between an experimantal and a calculated
silane response. The experimental response applies to a pulse experiment performed
at 811 K. Table 7.2 lists the corresponding parameter estimatés with their 95%-
confidence intervals, Clearly, an excellent agreement betweoen experiment and model
i observed. Morgover, the parametar estimates are not strongly corralated, the
highest binary correlation coefficiant amounting to 0.85.

Simutation of the same silane response with these parameter estimates yields a silane
conversion equal to 18.6%, corresponding to & Da-number of 0.44. In case the
cohsumption of silane would be entirely determined by homogeneous decomposition,
the corresponding unimolecular reaction rate coefficient, k., would amount to 17 g as
calculated from:

el®

K
Dot g,

Da, = k, (7.30)
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Comparison with the value of 4 10° g7 obtained from RRKM theory for silane
decomposition into silylene and molecular hydrogen at 100 Pa and 811 K, see
paragraph 5.3, justifies the assumption of neglecting gas phase pyrolysis.

Table 7.2: Parameter estimales with their
approximate individual 95%-confidence intervals
obtained by regression of a silane response

at 811 K using Dy = 1.80 108 m> m" s
N,sm= 7.97 107 mol.

Parameter Estimate
k.. \10° mg’a mol' &’ 1.98 £ 0.06
LY10°s 1.15 L 0.01
=}
P
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Figure 7.14: Silane molar flow rate at outlet of reactor
versus the ime at 811 K. Full fine; experimental, Dashed
lina. calculated using equations (7.29) and (7.3) to (7.5)
and the sstimated parameters listed in Table 7.2.

Ny sw,= 7.97 107 mol, Dy gy = 1.80 10° m m/" &7,

Figure 7.15a shows an Arrhenius diagram of the adsorption/insertion rate coefficient
k.. @btained by regression of silane response data in the temperature range between

462 K and 850 K. Clearly, two regimes can be distinguished with a transition occurring
at a temperature of about 820 K,
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Figure 7.15: Arrhenius diagram of the
adsorption/insertion rate coefficient of SiH,
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Fulse experiments with binary gas mixturas of 80% disilane and 20% argon and with
pure trisilane performed in the temperature range from 365 to 755 K and from 388 up
to 762 K respectively were also modelled. The effective Knudsen diffusion coefficients
of disilane were obtained from the corresponding argon responses as outlined earligr.
The effective Knudsen diffusion coefficients of trisilane on the other hand were
calculated by interpolation of the effective Knudsen diffusion coefficients of argon
obtained from the silane and disilane experimants using the square root dependence
on temperature.

Figures 7.18b and 7.15¢c show the Arrhenius diagrams of the adsorption/insertion rate
coefficients for disilane and trisilane as obtained by regression of the above mentioned
responses. In both cases two temperature regimes can be distinguished with a
transition for disilane at 850 K and for trigilane at 710 K.

For all three silanes the significance of the global regression of the responses in the
high temperature regions is smalter than in the low temperature regions as expressed
by means of the F-ratio. This also points to a change in mechanism.

Table 7.3 lists the Arrhenius parameters with approximate individual 85%-confidence
intervais obtained by regression of the adsorption/insertion rate coefficiants of silane,
disitane and trisilane in the low temperature regions.

Table 7.3: Estimates with approximate individual 95%-
confidence intervals of the Arrhenius paramelers associated
with the adsorption/insertion reactions of 5iH,, 5i.H, and
SiH, on polyerystaliine silicon at low temperatures.

Species A E,
/mmol's! / kd mol”
SiH, 4244188 5.14:2 52
SiH, 6o3L274 9.77x1.84
Si,H, 6271141 5.92+1.08

Similar to the insertion reaction of silane given in equation (7.26) a gas phase reaction
between silane and silylena giving silylsilylene and hydrogen is described by Ho ef al.
(1994) with a slightly larger activation energy of 24.2 kd mol ' as compared to 5.1 kJ
mol' estimated here. Indeed, aven at temperatures as low as 462 K small amounts
of hydrogen were detected in the present wark during the adsarption ot silane.

As mentioned in the experimental section, considerable temperature gradients exist
in the axial direction of the microreactor. The model equations given above do not
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provide in such gradients. Neverthelass, the assumption concemning isathermicity is
fuite plausible as the adsorption processes of all three silanes prove to be only slightly
activated as shown in Table 7.3.

Transition state theory yields the following expression for the adsorption/insertion rate
coefficient k,__ in units atm™ 5™

ns

kT exp(ﬂ” _ _éi] (7.31)
h R AT

with 4”8° and A*H° denoting the standard activation entropy and enthalpy. Table 7.4

lists the standard activation entropies with approximate individual 95%-confidence

intervals obtained by regression of the adsorption/insertion rate coefficients of silane,

disilane and trisilane in the low temperature regions.

Table 7.4: Estimates with approximate
individual 95%-confidence intervals of the
standard aclivation entropies associated
with the insertion reactions of SiH,, Si,H,
and SiH, into surface hydrogen bonds.
Standlard state: 1 atm, 8= 0.5.

Species A*G"

/Jd molt K
SiH, -192+4
Si,H, 1864
Si,H, 18742

No literature data on standard activation entropies for the adsorption of silanes exist.
Upon adsorption, however, the silanes will lose their translational and at least a pan
of their extemal rotational entropy. By means of statistical thermodynamics it can be
calculated that at the mean temperature of the experiments the values for the standard
translational entropy amount to 168 J mol™ K™ for silane, 171 J mol” K for disilane
and 178 J mol' K™ for trisilane. For the external rotational entropy values of 59 J mol”’
K' for silane, 89 J mal’ K for disilane and 121 J mol" K7 for trisilane can be
calculated. The standard activation entropies listed in Table 7.4 and obtained by
regression of the experimental data agree reasonably well with the theoretical
expectations since on adsorption the translational entropy as well as a part of the
rotational entropy of the adsorbing species will be lost.
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7.4.4 Adsorption of silane at temperatures higher than 820 K

In the previous paragraph the slow adsorption of silane via insertion at low
temperatures was discussed. At 820 K distinct changes are observed in the silane
conversion and the activation energy of the reaction. This seems to correspond to a
change in mechanism as from this temperature on regression results using the model
equations for the low temperature region are rather poor.

In order to describe the expenmental observations at temperatures higher than 820
K, the six-step reaction mechanism proposed in Chapter 4 is used. This mechanism,
shown in Table 7.5, was derived by quantitative modelling of steady state kinetic
experiments performed at operating conditions where gas phase reactions can be
omitted and, hence, silicon deposition is predominantly determined by the
heterogeneaous decomposition of silane.

Table 7.5: Elementary reactions considered on the silicon
surface {1-6) and global reactions {t,p).

g, oy
SiH, + 2 — SiH* + H* 1 (1
SiH,* + * — SiH,* + H” 1 (2)
SiH,* + * — SiH* + H" 1 (3)
SiH* - Si{g) + H" 1 (4)
b
SiH, + 4" — Si(s) + 4H" 1 ()
H* = H 4 2 (5)
H* + H* = H, + * 2 (&)
. -
SiH, — Si(s) + 2H, (B

The global reaction («x), built up from elemantary steps and symbolized by the column
with stoichiometric numbers o, describes the decomposition of silane into solid silicon
and hydrogen adatoms. The decomposition reactions of the surface trihydride,
dihydride and monohydride species, see reactions {2) to (4), are considered 1o
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proceed fast compared to the silane adsorption reaction, reaction (1), The rate of
global reaction {t) is consequently given by the rate of adsorption, as follows from the
stoichiometric numbers. Together with the slementary reactions (5) and (8), reflecting
the desorption of molecular hydrogen, global reaction (u) takes part in global
deposition path (B), symbolized by the ¢olumn with stoichiometric numbers ;. In this
sequence, global reaction (@) is now considerad to be fast compared to the desorption
of hydrogen or more specifically to the excitation of a covalently bound hydrogen
adatom given by reaction (5).

Evidence for the irreversible adsorption of silane is provided by the alternating pulse
experiments with gilane and deuterium presented in paragraph 7.3.1, revealing no
desorption of deuterated silicon containg gas phase species, The elementary reactions
reflecting hydrogen desorption, reactions (5) and (6), are considered to proceed
irreversibly as well. According to Sinniah at af (1988) the formation of a localized
hydrogen adatom via interaction of a delocalized hydrogen atom with a vacant surface
site indeed is slow. For any appreciable coverage of localized hydrogen adatoms the
diffusion length of an excited hydrogen atorm necessary to find such localized adatomn
is not very large making recombination with a localized hydrogen adatom, reaction (6),
much more likely to occur than interaction with a vacant surface site, the reverse of
reaction (5). Adsorption of molecular hydrogen, the reverse of reaction (6), is not
considered aither, because only small amounts of hydrogen are produced during the
pulse experiments.

The reaction sequence of Table 7.5 consists of only two kinetically significant
reactions, i.e. the adsorption of silane, reaction (1), with rate cosfficient k,, and the
thermal excitation of hydrogen adatoms, reaction (5), with rate coefficient k.
Consequently, localized hydrogen adatoms, H*, are the only kinetically significant
surface species.

With Knudsen diffusion as the predeminant mode of gas transport the following mass
balances for silane and vagant surface sites apply:

c d CS[H4 _ pk & Gsm,,
ot af.5iH, 3x?

- a, L, k O Cg, (7.32)

20,
— = -4 K, 0. Copy, + 2K, (1-8,) (7.33)

subjected to the following initial and boundary conditions:

N .
AOsxsl G, =253 (7.34)

t=1 H, A
-]
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t=t, A osxstL 6 =1-6, (7.35)
30,

t21, A x=0 5.9 (7.36)
ox

tzty, A x=L Cg =0 (7.37)

Note that contrary to the mass balance given by equation (7.29), the production term
in equation (7.32) explicitly shows a dependency on the fraction of vacant surface
sites. Corresponding with this thers is a continuity equation for the vacant sites as
well, see equation (7.33). At temperatures above 820 K it is assumed that the
adsorption takes place on vacant surface sites. The fraction of these sites will be
gignificantly larger than zero at the used temperatures but certainly hot amount to one,
Therefore, the amount of adsorption sites in the microreactor will be of the same order
of magnitude as the pulse size and changes in it ¢can not be neglected. The initial
condition for the fraction of vacant surface sites, given by eguation (7.35), is
determined by the fractional surface coverage of hydrogen adatoms, °,., at the
beginning of each pulse. Note that the slow adsorption process via insertion which is
dorninating at the low temperatures and ¢can be written in the terminology of Table 7.5
as:

«H + 5iH, — Si(s)-H + 2H, (7.38)

has not been aceounted for in the mass balances. At the relatively high temperatures
considered here, this insertion process has only a minor contribution to the overall
adsorption process.

FParameter estimates for pulse experiments with a binary gas mixture of 20% argon
and 80% silane at 844 K and 849 K were cbtained using the above continuity
equatiens. The value of the rate coefficiont for thermal excitation of hydrogen adatoms,
k.. could not be estimated significantly, indicating that the characteristic time for
hydrogen desorption, even at these temperatures, is toe large to be within the window
of measurable time scales in TAP, see paragraph 7.4.2. Therefore, the term
corresponding to hydrogen desorption was omitted from equation (7.33). It thus is
assumed that hydrogen, adsorbed on the surface at i= t,, stays there during the
experiment. Thig implies that a part of the surface is unavailable for adsorption during
the experiment, as it is alréady covered with hydragen. The fraction of vacarnit sites at
the beginning of the experiment, i.e. the part of the surface available for adsorption,
then equals (1-0°%,) with 8°,. denoting the fractional coverage of hydrogen at t= t,
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Obviously, the mass balances for silane and vacant surface sites now can be rewritten
as.

3C, FCq )
E astf”“ = Da,r(r.swq axszﬂ4 - a, L {1-60.) K, & CSiH4 (7.39)
%"? - -4k, (1-65.) 8 Cy, (7.40)

with initial and boundary conditions:

L SiH,
t=t, A DsxsL  Cg = :A: 3, (7.41)
t=t, A OsxsL 6=1 (7.42)
2C
t2 A x=0 % =0 (7.43)
ax
tzt, A x=L Cg =0 (7.44)

Here, 8 is the fraction of vacant sites on the available part of the surface at t=1t,. The
same pulse experiments performed at 844 K and 843 K were then regressed with
equations (7.39) to (7.44). The adsorption rate coefficient k,, the initial fraction of
vacant surface {1-6%,.), and the zero time t, were estimated using the parameter
estimation method discussed in paragraph 7.2.4. Very good agreement between
experiment and model is observed for both experiments. However, as expected, the
estimates for k, and (1-6%,.) are strongly correlated with a binary correlation coefficient
up to 0.994, implying that the significance of the values obtained for k, and (1-6°,.) is
rather low. Hance, an independent estimate of one of these parameters is réquired in
order to obtain & significant estimate of the other,

The kinetic modelling study described in Chapter 4 resulted in a value of 2.3 10° for
the sticking probability of silane on an empty surface. Substitution of this value into
equation (4.24) yields values for the adsorption rate coefficient k,, in this eguation
denoted by k,, equal to 37665 m_* mol”’ 5™ for 844 K and to 37776 m_* mol™ 5™ for
849 K. Applying these values of k_ in the modelling, excellent agreement between the
experimental responzses and the responses calculated using equations (7.39) to (7.44)
is obtained, as can be seen in Figure 7.16 for 849 K. For both experiments the zero
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time t, founid by regression equals about 1.2 ms, the same value as faund for the
axperiments discussed in the previous paragraphs. The initial vacant fraction of the
surface, (1-6°,.), equals 0.236 + 0.002 at 844 K and 0.316 + 0.001 at 849 K.
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Figure 7.16: Silane molar flow rate at outlet of reactor
versus the time at 849 K. Full line: experimental. Dashed
fine: caleulated using equations (7.38) to (7.44) and the
estimated values (14°,)= 0.316 and t,= 1.20 10" 5.
Nysin= 112 10° mol, D"y 5y = 1.90 10° m." m,” s,

k= 37776 m* mol’ s,

Reconsidering the qualitative results given in paragraph 7.3.1, it now is clear why the
multipulse experiments in the high temperature region are hardly reproducible and why
the conversion of silane is increasing strongly from about 820 K on. Obviously, the
convarsion of silane is a strong function of the initial state of the surface and a small
change in initial hydrogen coverage, €°., will lead to a large change in silane
conversion, As all pulse experiments have been performed using signal averaging
after the admittance of a number of pulses neadad to obtain a stable response signal,
it is difficult to tell the exact amount of vacant sites at the beginning of the pulse
sequence. However, the values for the initial fraction of vacant surface, (1-6%,.), found
from the regression analysis of the experimental data, seem quite reasonable taking
into account a characteristic time for hydrogen desorption of about 1 5 and a time
between pulses in the signal averaging mode alsc of 1 s, see Appendix 7B.
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7.5 Conc¢lusions

The adsorption of silanes on palycrystalline silicon was studied by means of Temporal
Analysis of Products in the temperature range between 300 K and 1000 K. Qualitative
experiments with silane, disilane and trisilane revealed that at low temperatures slow
adsorption processes are operative. The reactivity for the three silanes towards
adsorption on polysilicon is about equal, whereas the apparant activation energies are
quite low and more or less equal to each other. However, at 820 K for silane, 600 K
for disilane and 710 K for trigilane a transition is observed towards a faster mode of
adsorption. The adsorption of the higher silanes above thé respective transition
temperatures is accompanted by silane formation. For all three silanes the apparant
activation energy for adsorption has strongly increased in this termpéraiure region.
Quantitative experiments with inert gases showed that the gas transport through the
microreactor can be described by Knudsen diffusion. The same transpart mode is
used for the quantitative modelling of the responses of silane, disilane and trisilane,
An adequate description of the adsorption of the silanas in the temperature regions
below the respective transition temperatures is provided by an insertion reaction of
SiH,, Si,H; or SiyH, into surface hydrogen bonds followed by fast decemposition of the
formed species into Si-H moieties, which can act as new adsomption sites.

Silane adsorption above the transition temperature of 820 K ¢an be describad very
well with a mechanism consisting of dual-site dissociative adserption of silane onto
vacant suface sites, subsequent fast decomposition of the formed surface hydride
species, and desorption of hydrogen. This mechanism is similar to that deduced in
Chapter 4 and indeed gives strong evidence for the correctness of the latter.
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Appendix 7A Window of measurable Damkdhler-l numbers

In case of a first order reaction the continuity equation for reactant A can be written
as (Huinink, 1995):

C a2
__a A= __a Ca Da,C, (7A1)
d1 ozt

with the dimensionless time 1 and the dimensionless place coordinate z given by

K
Deyat (7A.2)
el®

=X 7A.3)
2= (

and the Damkéhler-1 number defined as:

ekLE

K
Daff,A

Da, = (7A.4)

with k denoting the first order rate coefficient (s™). Solving equation (7A.1) with initial
and boundary conditions:

Clz,0) = §, 22 (7A.5)
£A L
aC
el = 7A6
5 ;o = 0 (7A.8)
C(1,1) =0 (TA.7)

gives for the Laplace transform of the molar flow rate at the outlet of the microreactor
(de Croon, 1995):

DK
F, = Dera s ! (7A.8)

2
€L cosh ys5+Da,

Consider first the situation that Da= 0. i.e. no reaction occurs in the microreactor.
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Then:

K
Dera Ny g 1 (7A.9)

el? cosh s

FA.D&, & =

which can be shown to be equivalent to:

K wn
Dora Mo T (1) exp[-(2n+1)ys] {7A.10)

F -
o0 PYEI =

The inverse Laplace transform of equation (7A.10) leads 1o an expression for the
molar flow rate F, p, , in case Da=0:

1
DK N E‘Xp [;i] . )
Fronyo™ —=—t TT) ¥ () (2n+1) expl - 20 1) (7A.11)
o \/EE,LE ik ) T
Inspecting equation {7A.8) it will be clear that the expression for F . for an arbitrary
valug of Da, is:

ADa, = Z:(-1)”(2f‘J+1) exp -

]
-l D _

B D a N, EXD{ ( arr 41;D = _nin+1) (7A.12)
JmeL? T frt

The maximum in the curve of F, . can be calculated from:

AFaoe _ 4 (7A.13)

at

Considering only the first term in the series expansion of F,p,. the following
expression is obtained for the position of the maximum:

. {7A.14)
R T N PR
‘ 4 Da, | 9

whergas in case both the first and second term in the szeries expansion ure
considered, the position of the maximum <., can be obtained from the impligil
equation;
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| L - Dax-am
exp(—_g_] .4t (7A.15)
v 27 . 3Das - 92

For all practical purposes, equation (7A.14) is sufficiently acgurate to caleulats 1, for
an arbitrary value of Da,. It now is possible to calculate Fapamse the value of Fyp,, at

TI‘HE)’.;
expl - 32 1.4 Da,
N, \J 9 ,
‘e

K
Du!!, A

FA.Da,max = “/1?3 [_; -
(7TA.16)
_3_ 1 +i a, -1
4Da, 9
(1 =3@xp(—6(d1 +4/9 Da, 1 U - )
For Da= 0 the following expression is oblained:
) {TA17)

DAAN
Faonome = —m—t2 697 exp(-3/2) (1-3exp(-12) +
yrel?

The second and higher terms inside the brackets in this equation are smaller than 2
10° and can therefore be omitted. Dividing equation (7A.12) by aquation (7A.16) leads
to the following expression for the relative molar flow rate for an arbitrary value Da;:

Fr o exp(—(Da,t * % - 32 1+ 49 Da,D
i) = -
FM,D& max P
” a<(f1 aBDa «1) (7A.18)

S5

LEL]

(f: (-1 (2n+1) exp
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For Da= 0 division of equation (7A.11) by eguation (7A.17) leads to;

1
F exp{—-]e;xp(BIE) - ‘ . ]
Adagro 41 ;. E (-1)7(2n+1) exp —PMI (7A.19)
FA.D&;-O‘max (GT)E" n-0 T

The half height of the TAP respense curve is defined by;

F’
_ AP = e {7A.20)

A.D&!.mﬂx

Equation (7A.20) has two golutions: 7, and 1,. with 1, > T,. The width of the response
curve at half height, W, ., is defined as:

17

T, T, (7A.21)

2
Up to second order in the series expansion of equation (7A.19) yields for Da= O

W,

12,0870

= 0.4227 (7A.22)

in units of 1. Assuming that a deviation of about 5% in W, is readily observable, the
matching Damkéhler-l number can be calculated from equations (7A.20) to (7A.22).
Using:

AW,, = 0.05 W (7A.23)

'I"E.fla’,-o
implies that;

Wiz.z5, = 04015 (7A.24)

Up to second order in the series expansion of equation (7A.18) gives for the
carrespanding Damkdhler-1 number:

Da,. = 0.19 (7A.25)

Ligw

This is the lower bound of measurabie Damkéhkler-l numbers in TAP. The upper bound
can be found by assuming that a response area of 1% of the inlet signal area is
significantly above the noise level The corresponding Damkdhler-l number is readily
obtained from equation (7A.8). The surface area of the response signal, F,. is given
by:
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DK
f F, dt = im F, = ’:'P-'“ 1
e EL®  coshyDa,

The surface area of the inlet signal, F,,, is given by:

N
eﬁA
fFM, at = =0t
Therafore:
j‘F dt
1 - 0.01
JFM it cosh\,lDaf

leading to the upper bound of measurable Damkohler-l numbers:
Da,,, = 28.07
From equations (7A.25) and (7A.29) it is obtained that:
018 < Da, < 28
or:

ekl?®
D«ﬁ.,ﬂ

0.19 < = 28

Wiz bauoe NOW i UNits of 1 (5), follows from equation (7A.2):

gl?
sz.na,:o = 04227 —— DX
aff.A

Equation {7A.31) can now be restated as:

12.45 sz.Da,-D = 1/k = 0,0845 Wuzoni,:cl

Approximating this inequality in powers of ten results in;
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(7A.26)

(7A.27)

{7A.28)

(7A.29)

(7A.30)

(7A.31)

{7A.32)

(7A.33)
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1

10 WWZ.D:.\',-U - P

> 0.1 Wiz p, - (7A.34)
Alternatively, the inequality given by equation (7A.33) can be stated in terms of 7,
being the mean residance time of component A in the microreactor without reaction
and defined as:

P _IT Fr‘l.Du',-() (T) dt
T = l:.’.. [i] (TABS)

D,,KI
i J FA,Da,.u {7) dt
0

Using the Laplace transform of F,p, ., equation (7A.9), it is obtained that:

sinhy's

“m A,DHJ"O Iim
e ] e o et e
g = =
Dﬂfv’ﬁ lirm -FA P De’r{r,A Iim _1,, 2 De;f.A
) i A CDSh\/E

Equation (7A.33) in terms of T, in stead of W, . ., now becomes:

ras

105 7, > lk > 0.07 1, (7A.37)
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Appendix 7B Estimation of the thermal excitation rate ¢oefficient from silane
responses at temperatures higher than 820 K

Stable response signals are obtained by applying at least ten pulses before pulse
averaging, with a repetition time equal 10 1 &. To describe the sequence of stable
responsé signals, the concentration profile in time in the reactor is approximated by
a square wave. For the n” pulse it follows that:

C=C, te(n,,nt+1,) (78.1)

and:

C=0 te (nt,+3, , (n+1)1) (7B.2)

with 7, denoting the pulse width and t, the repetition time. Thus, during the pulse the
concentration is taken constant, wheraas between pulses the concentration in the gas
phase is set to zero. According to the reaction mechanism shown in Table 7.5, the
following mass balances for the vacant surface sites in the reactor apply. For 7 &
(nt,nT+1,)

d¢
dr' = -4k C, 05+ 2k, (1-0)) (78.3)

with;

9, = g° (7B.4)

i'ﬁﬂT',.

where 6. is the fraction of vacant surface sites at the beginning of the pulse in the
stable response ragime. For 1 € {nt+1,,(n+1)1):

(s}
- =2k (1-8 (78.8)
— . (1-8))

At t= nt+7, the solutions of equations (7B.3) and (78.5) must be equal. These
equations can be integrated easily, For T € (nt.n1,+1,) the soldtion is:

o0~ o/2 - B
1+0_._.._
o + o
0. = -2+ : 2B
6 o2-p
(d]

8
0 ~o/2 + B

exp[ - 8 k, C; B (t - n 1)

(7B.8)
exp[ - 8 k, C, B (1 - n 1)
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with:

o= e (7B.7)

p-Y (1.2 (15.8)
2 o

For t = (nt+7,,(n+1)1,} the solution is:

and:

6. -1 -(1-8,] 1) exp| 2k, (t-n1,-7,)] (78.9)

ST
HT‘,

Now a stabile response indicates that:
e-'n‘rr = B-l‘:n.”zr = 0(“ (7810)

as in the stable regime the surface has 1o be equal at the beginning of every pulse.
Substitution of 9.\,,,#‘,1 from equation (7B.6) at t= nT+T, into equation (7B.9) and
gvaluation of §. from this equation at t= (n+1)%,, results in:

8 w2 - B
1w T ; exp|-8 k, G, P 1,
R A R -E R
8%+ w2 - f |
y Frwe b exp[ Bk, C, BT (7B.11)
6%+ w2 + B '

caxp[ 2k (1, -1,)]

In equation (78.11) all parameters are known except k,. Taking #.° equal to 0.316, k,
to 37776 m;’ mol' 5", 7, to 15, 7, to about 20 ms and C, to about 5 10° mol m,*, a
value of 0,164 s is calculated for k, at 849 K. This value should be compared to the
value for k, calewiated from the Arthenius parameters given in Table 5.6 of Chapter
5. The calculated value amounts to 1.15 g7, which is equal to the one obtained here

within one order of magnitude.



CONCLUSIONS

The work presented in this thesis focused on the development of a kinetic model
which allows an adequate description of the experimental observations during the low
pressure CVD of polyerystalling silicon from silane at industrially relevart operating
conditions. This model could be reached using quantitative modelling of well-defined
steady state kinetic experiments perforrned in a microbalance laboratory reactor, both
in the absence and in the presence of gas phase reactions, First, a six-step
elementary reaction mechanism was developed describing the growth rate data in the
range of operating conditions where silicon deposition is pradominantly determined by
the heterogeneous decomposition of gilane. This mechanism was then used as basis
for a more comprehensive one, consisting of four elementary gas phase reactions and
ten elamentary surface reactions, to describe the silicon depasition process in the
presence of gas phase reactions, The quantitative analysis of the microbalance data
required the devaelopment of a reactor model explicitly taking into account the
irreducible ¢concentration gradients of the gas phase intermediates formed dunng the
pyrolysis of silane, These gradients devélop due to the high surface consumption rates
of these species as compared to their transpon rate by molecular diffusion,

Heterogeneous decomposition of silane occurs via dual-site dissociative adsorption
forming a surface tihydride species and a hydrogen adatom, followed by potentially
fast decomposition of this trihydride species through dihydride and monohydride
species towards solid silicon and hydrogen adatoms. Regeneration of the partiaily
hydrogenated silicon surface occurs by first order recombinative desorption of
molecular hydrogen through excitation of a covalently bound hydrogen adatom from
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a localized surface Si-H bond to a two-dimensional delocalized state followed by
recombination of this excited delocalized hydrogen atom with a second localized
hydrogen adatom.

The relative importance of gas phase reactions for the silicon deposition process
increases with increasing total pressure and is independent of temperaturg,
Furthermore, it increases with decreasing surface-to-volume ratio, Under all
circumstances silylene and disilane are the most important gas phase inteérmediates,
with a contribution to the silicon growth rate between 1 and 44% depending on the
operating conditions and the reactor geometry. Silylene is almost predominantly
formed by gas phase decomposition of silane. Formation of silylene through gas phase
decomposition of disilane is less important. Consumption of silylene takes place
through surface decomposition into solid silicon and molecular hydrogen, and via
insertion into silane forming disilane. The latter reaction fully accounts for the
production of disilane. Consumption of disilane on the other hand occurs via surface
decomposition into solid silicon, silane and hydrogen, via gas phase decomposition
into silane and silylene, and to a much lesser extent via gas phase decomposition into
silylsilylene and hydrogen.

Far an adequate simulation of silicon growth rate data obtained in a ¢onventional hot-
wall multiwafer LPCVD reactor, a ohe-dimensional two-zone reactor model is sufficient,
at least as long as the heterogengous decomposition of sitane dominates the silicen
growth. The tatter i the case at typical industrial conditions. Due to the relatively small
contribution of the homogeneously formed reactive intermediates, growth rates
calculated using this strongly simplified reactor model do not essentially differ from
those calculated on the basis of a fully two-dimensional reactor model. Simulations of
an industrial-scale LPCVD reactor showed that the radial growth rate non.uniformity
across a wafer is completely determined by the radial variations in the growth rales
from silylene and disilane, contributing to the silicon growth rate for 1 to 5% at
industrially relevant oparating conditions,

Additional evidence for the correctness of the six-step mechanism postulated for the
deposition of polysilicon in the absence of gas phase reactions was obtained by
guantitative modelling of transient kinetic experiments performed using the Ternporal
Analysis of Products (TAP) technique. This technique provides an alternative approach
for studying CVD reaction kinetics. Mowever, in order to take complete advanlage of
its strength in elucidating the kinetics of individual glementary steps, techniques like
lemperature programmed desorption (TPD} and static secondary ion mass
spectrometry {SSIMS) are additionally needed for in-situ determination of the exact
condition of the surface.
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