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Coating complex surfaces by functional amorphous silica films for new applications includ-

ing energy harvesting and health depends on the operating range and robustness of their

deposition process. In this paper, we propose a new kinetic model for the atmospheric

pressure chemical vapor deposition of SiO2 films from TEOS/O2/O3 valid in the 150−520
◦C temperature range, thus allowing for treating thermally sensitive substrates. For this,

we revisit reported chemical schemes in Computational Fluid Dynamics simulations con-

sidering original experimental data on the deposition rate of SiO2 films from a hot-wall

reactor. The new model takes into account for the first time a thermal dependency of the

direct formation of SiO2 from TEOS and O3 and yields excellent agreement in both shape

and value between experimental and calculated local deposition rate profiles. The model

provides non-measurable information such as local distributions of species concentration

and reaction rates, which are valuable for developing optimized CVD reactor designs. Origi-

nal solutions for the introduction of the reactants are proposed, to uniformly coat complex
and/or large parts at a wide temperature range.

and Mokhtati, 1996; Levin, 1983), while hydrogen content and poros-
1. Introduction

The chemical vapor deposition (CVD) of SiO2 has been widely stud-

ied since thirty years (Kotani et al., 1989), mainly in semiconductor

manufacturing as gate dielectrics (Inoue et al., 1987; Ding et al., 2001),

and more recently in membrane-based gas separation and energy

harvesting (Choi et al., 2013; Liang et al., 2019; Azizi et al., 2017).

Other applications include the use of SiO2 in optoelectronics, or as

a component in antibacterial food packaging films (Varghese et al.,

2013) and food safety monitoring sensors (Liu et al., 2016). Moreover,

core@SiO2–shell materials for solid phase extraction, catalyst support
and SiO2-nanocomposites used for wastewater treatment are receiving

∗ Corresponding author at: Laboratoire de Génie Chimique (LGC), Univ
France.

E-mail address: brigitte.caussat@ensiacet.fr (B. Caussat).
https://doi.org/10.1016/j.cherd.2020.07.007
increasing attention (Zhang et al., 2011; Klaigaew et al., 2015; Zhang

et al., 2019; Li et al., 2019). SiO2 films are optically transparent, smooth

and dense, acting as good insulation layers (Liu et al., 2019; Fonrodona

et al., 2005) and corrosion barriers (Elam et al., 2017). The tetraethyl

orthosilicate (Si(OC2H5)4, TEOS)/ozone (O3) thermal CVD processing

route presents marked advantages compared to the other existing

pathways using TEOS such as TEOS pyrolysis, particularly in the ability

to treat thermally sensitive substrates at temperatures lower than 300
◦C (Juárez et al., 2007; Okuyama et al., 1997). Films deposited by thermal

CVD present excellent and tunable step coverage (Fujino, 1993; Yuan
ersité de Toulouse, CNRS, 4 Allée Emile Monso, Toulouse 31030,

ity are lower than in films processed by PECVD (Nagel et al., 2001),
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mproving as such the material’s barrier and insulation properties. Fur-

hermore, in comparison with the thermal TEOS/O2 pathway, thermal

EOS/O3 leads to higher deposition rates at lower operating tempera-

ures, thanks to the reactivity of O3 and the oxygen radicals generated

hrough its thermal decomposition (Okuyama et al., 1997). The TEOS/O3

oute is therefore promising to treat complex-in-shape thermally sen-

itive substrates for innovative applications.

Succeeding in conformally coating complex substrates at low

emperatures depends strongly on O3 concentration (Shareef, 1995;

awahara et al., 1992). The radicals produced by this chemistry are

nstable, while the gas phase reactions are strongly dependent on tem-

erature and radical species concentration (Shareef, 1996). Overcoming

hese drawbacks of the TEOS/O3 route requires good control over the

nterplay between the transport phenomena, i.e. the local gas veloc-

ty, temperature and reactive species concentrations, as well as the

omogeneous and heterogeneous chemical reactions leading to the

ormation of the film. As this interplay is difficult to establish experi-

entally, a valuable approach is to associate a targeted experimental

nvestigation of the growth rates with reactor modelling. In particu-

ar, Computational Fluid Dynamics (CFD) codes can be used, in which

ppropriate chemical reactions and kinetic laws are implemented. In

his perspective, the identification of the involved reactions and kinet-

cs is often the bottleneck, since a wealth of unknown homogeneous

nd heterogeneous reactions occur simultaneously in CVD processes.

classical way to overcome this difficulty is to consider only apparent

hemical reactions, meaning that each reaction represents, in a sim-

lified way, many real chemical reactions that are otherwise difficult

o determine in detail. The advantage of such an approach is the rel-

tive rapidity of development and the accuracy of the kinetic model,

hile the main drawback is that it is only valid for the operating range,

n particular that of the deposition temperature for which it has been

eveloped.

For the TEOS/O3 CVD route, most of the relevant studies have been

onducted in cold-wall low or atmospheric pressure CVD reactors using

howerhead injectors (Schoof et al., 2002; Adachi et al., 2000; Fujimoto

t al., 1999), such as the industrial Watkins Johnson reactors treating

00 mm silicon wafers, which were the main reactors of interest for

he microelectronic industry in the nineties. Kim and Gill were among

he first authors to study the TEOS/O3 chemistry in a cold-wall reactor

perating between 4 and 12 kPa, in a 280−405 ◦C temperature range

Kim, 1994). They developed a global apparent mechanism in which

EOS decomposes in the gas phase in the fictitious molecule “INT”

nd in ethanal, through an excited O3* centered mechanism. This INT

olecule represents the various unknown chemical species produced

y the homogeneous decomposition of TEOS. It can be formed through

he substitution of TEOS’ ethoxy ligands by hydroxyl ligands, following

he formula Si(OH)n-1(OC2H5)5-n, where n = 1–4 (Niéto, 2001). Addition-

lly, INT can encompass oligomers, such as siloxane ones that are

ormed from the hydro-substitution of two intermediates with the pre-

iously mentioned formula (Satake et al., 1994; Sorita et al., 1993). A

ascade of reactions resulting in the stepwise cleavage of the ethoxy

igands is also described (Romet et al., 2001). Once formed, the INT

pecies can either contribute to SiO2 deposition or decompose into

arasitic gaseous by-products. Working between 400 and 425 ◦C and

or a pressure range of 103–105 Pa, Dobkin et al. (1995) modified this

odel by assuming that deposition occurs due to the presence of oxy-

en radicals, and that both TEOS and the INT species contribute to film

ormation. Zhou et al. (1997) developed a new model based on the two

revious ones for a Watkins Johnson reactor operating at atmospheric

ressure between 500 and 550 ◦C. The main differences concern the

ssumption that TEOS must react with O3 to form, in one hand, the

NT species and gaseous unreactive molecules noted R, and on the

ther hand the SiO2 film. The unreactive molecules R mentioned in

he literature are CH3CHO, EtOH, MeOH (Kawahara et al., 1992; Flores

nd Crowell, 2005; Arnó, 1999), while other authors assume the direct

ecomposition of such molecules into CO, CO2 and H2O (Dobkin et al.,

995; Zhou et al., 1997). Nieto et al. (2005) applied this model to the

ame type of reactor and adapted some kinetic constants to its spe-
ific chamber configuration. In particular, they decreased the kinetics

f the deposition reaction from TEOS, and the conversion of INT species
into parasitic by-products that do not contribute to the deposition. It is

worth noting that for these studies, no thermal activation appears for

the kinetics of the deposition from TEOS. Romet et al. (2001) improved

the model of Dobkin et al. by considering up to 37 gas phase reac-

tions, including the direct contribution of O3 to intermediate species

formation, gas phase oligomerization and formation of diols. Similarly

to previous studies, they did not consider any temperature dependence

of the deposition reactions, and additionally removed any direct contri-

bution of TEOS to the formation of the SiO2 film. However, their model

failed to simulate the process above 400 ◦C at low TEOS flow rates.

In Watkins Johnson type reactors, the distance between the gas

injector and the wafer is lower than 20 mm and the residence time

of the gaseous reactive phase is short (<0.5 s), due to total flow rates

exceeding 20,000 standard cubic centimeters per minute (sccm). More-

over, the wall and substrate temperature ranges are spanning mainly

between 400 and 550 ◦C. It is thus inappropriate to use the developed

chemical reactions and associated kinetic laws for significantly differ-

ent configurations, in particular in reactors involving higher residence

times and/or lower deposition temperatures, as we will present in the

following sections.

The present work aims to develop a kinetic model for the atmo-

spheric pressure CVD of SiO2 from TEOS, O2 and O3 mixtures, with a

larger range of validity in terms of substrate temperature and residence

time, more suited to CVD reactor geometries and deposition parame-

ters able to treat large and/or complex-in-shape substrates. We apply

a methodology combining experimental studies and process analysis

by CFD simulation, in order to bring new information on the chem-

ical and kinetic phenomena governing the deposition. In that which

follows, the experimental and the computational details will be intro-

duced first. Then, the experimental thermal profiles and associated

deposition rates will be presented and discussed. These results will first

be simulated using existing literature models. The aim is to reveal dis-

crepancies, which will serve to develop a novel kinetic scheme. Finally,

the elaborated kinetic model will be validated by comparison with the

experimental information, and the simulation results will be discussed

prior to providing concluding remarks.

2. Materials and methods

2.1. Experimental process

CVD of SiO2 films was performed in a horizontal, tubular, hot-
wall reactor, schematically illustrated in Fig. 1a. The reactor
consists of a fused silica tube with an inner diameter of 46
mm and a length of 700 mm, heated by a semitransparent fur-
nace (Trans Temp, Thermcraft Inc.). The wall’s temperature
profile was measured every 20 mm along the tube under a N2

gas flow of 4036 sccm using a type-K thermocouple with an
accuracy of ±2 ◦C. Deposition experiments were performed
at four different set point (SP) temperatures, namely 400, 450,
500 and 550 ◦C, defined as the temperature measured at 360
mm from the inlet, after which a 140 mm long isothermal
region exists. The CVD reactor inlet is connected to three
gas lines. A N2 (99.9999%, Messer) dilution line with variable
flow allows to fix the total gas flow at 4036 sccm for all runs
and was heated at approximately 100 ◦C. A second line bub-
bled 89, 223 or 444 sccm of N2 gas through a bubbler system
containing TEOS (99.999%, Sigma–Aldrich), and transported
the precursor’s vapors towards the reactor. The bubbler was
heated at 65.3 ± 0.1 ◦C, while the corresponding N2 line was
kept at approximately 85 ◦C to avoid recondensation of the
precursor vapors. An O2 (99.9995%, Messer) line passed 1960
sccm through an ozonator (Lab2b Laboratory Ozone Genera-
tor, Triogen LTD). The ozonator was operating at its maximum
ozone production, providing an O3 concentration of 60 mg/l at

standard temperature and pressure, and thus supplying the
reactor with an O2/O3 mixture. All three gas-lines were kept



Fig. 1 – Schematic (a) and 3D (b) representation of the CVD reactor (not true-to-size and proportion). Top left inset photograph
shows the substrate holder supporting a Si coupon vertically. Top right inset scheme depicts the symmetry plane, the

the p
plotting plane YZ used for surface results presentation and

separated, and their contents were mixed just at the inlet
of the reactor. The system was always in excess of O2. The
reactor’s base and operating pressures were monitored with a
Pirani (MKS MicroPirani Transducer Series 925C) and a Bara-
tron (MKS Baratron Type 627) gauges respectively, positioned
downstream of the deposition zone, before a liquid nitrogen
trap and a dry pump (Edwards, soXu 20iC). The operating pres-
sure was fixed at 97.3 kPa (730 Torr) for all runs.

280 �m thick monocrystalline silicon (100) wafers (Neyco)
were cut in rectangles of 32 × 24 mm2 and used as sub-
strates. Before being inserted into the reactor, the substrates
were degreased in a succession of three ultrasound bath steps,
including: (1) an ultrasound bath using distilled water for 5
min, then rinsed with acetone, (2) an ultrasound bath using
acetone (>99%, VWR Chemicals) for 5 min, then rinsed with
ethanol, (3) an ultrasound bath using ethanol (99.3%, VWR
Chemicals) for 5 min, and finally dried under Ar (99.9999%,
Messer) flow.

Within the reactor, the substrates were supported vertically
by home-made, tubular, stainless steel substrate holders, with
a 7 mm deep insertion slot, positioned on the row. Their total
length was 450 mm, supporting a maximum of 18 coupons
for each run. The first substrate was placed at a distance of
57 mm from the reactor inlet. Similar to Ponton et al.’s work
(Ponton et al., 2018), the goal was to process SiO2 films delib-
erately in a 360 mm long non-isothermal zone, existing before
the ca.140 mm long isothermal zone, in order to obtain com-
plementary mechanistic and kinetic information. Moreover,
placing the first few substrates close to the reactor inlet allows
addressing and quantifying the direct contribution of TEOS to
the deposition, since the TEOS concentration is known only at
the reactor inlet. Six runs were performed with a deposition
duration ranging from 30 to 90 min, as summarized in Table 1.

Through experiments E1 to E3, the influence of the TEOS
flow rate was evaluated for a SP temperature of 400 ◦C.
Through runs E3–E6, the effect of the SP temperature was
investigated, by fixing all flow rates.

2.2. Experimental validation
The average SiO2 deposition rates were calculated from the
deposited mass, by measuring each sample’s weight differ-
lotting plane XZ used to present gas phase results.

ence before and after deposition using a Sartorius Genius
Series ME215P analytical balance with 0.015 mg precision.
For simplicity, it was assumed that deposition on each sub-
strate surface is uniform. To convert the deposited mass to
thickness and deposition rate, the films’ density was taken
equal to 2200 kg m−3 (Nieto et al., 2005). More accurate
local thickness profiles were measured by reflective ellipsom-
etry, using a Semilab SE-2000 ellipsometer operating in the
250−1000 nm wavelength range. The incidence angle was
kept constant at 70◦. Each sample was probed in the center,
2 mm below the top edge, and the spectroscopic ellipsom-
etry data were fitted in the 250−1000 nm wavelength range
using the software Semilab SEA. The Sellmeier model was
utilized to extract the measured local thicknesses values.
Fourier Transform Infra-Red (FTIR) spectroscopy measure-
ments, detailed in Fig. S1 of Supplementary material, revealed
that for all the conditions tested, the films are composed of
pure SiO2.

2.3. Process model

A CFD model considering gas phase and surface chemical
reactions was developed to represent the reactive transport
phenomena and the deposition rate taking place in the CVD
reactor. The local gas flow and temperature profiles in the
reactor were calculated by solving the mass and momen-
tum conservation and thermal energy balance equations in
each elementary discretized volume. The local distribution of
species mass fractions and SiO2 deposition rate were calcu-
lated after considering the kinetic data of the homogeneous
and heterogeneous reactions into the species conservation
equations. The implemented chemical reactions and kinetic
laws were based on those developed by Zhou et al. (1997)
and Nieto et al. (2005), as detailed below. The numerical
simulations were run using ANSYS® FLUENT® 18.2, with a
cell-centered finite volume scheme and second-order spatial
accuracy. The assumptions considered to simplify the numer-
ical complexity are the following:
- Steady state regime,
- Laminar gas flow (Reynolds number lower than 1000),
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Table 1 – Deposition conditions of experimental runs performed in thermal CVD reactor.

Run SP T (◦C) N2 flow rate through TEOS bubbler (sccm) TEOS flow rate (sccm) N2 dilution flow rate (sccm) Deposition time (min)

E1 400 444 10 1632 30
E2 400 223 5 1853 30
E3 400 89 2 1987 50
E4 450 89 2 1987 90
E5 500 89 2 1987 30

-

-
-

w
u
t
J
T
ε

t
o
T
b
t
a
C
b

r
(
s
a
r

-

-

-

-

E6 550 89 2

Incompressible gas flow, due to the low value of the Mach
number (<0.04) in the reactive zone,
Heat of reactions neglected, due to high N2 dilution,
Ideal gases.

The physical properties of O2, O3, H2O, CO, CH3CHO and N2

ere taken from the FLUENT® database. They are calculated
sing the kinetic theory of gases and the Chapman-Enskog
heory, as detailed in Bird et al. (2007), in which the Lennard
ones (LJ) parameters of these classical species are also given.
he LJ parameters of the oxygen radical O

•
(� = 2.75 Å and

/k = 80 K), and of TEOS (� = 7.03 Å and ε/k = 522.7 K) were
aken from the CHEMKIN database (Kee et al., 1998). Those
f the intermediate (INT) were set equal to the parameters of
EOS. The molecular weight of INT was fixed at 180.27 g mol−1

y matching it to triethoxysilanol, ((Si(OH)(OC2H5)3), one of
he most probable intermediate species as reported by many
uthors (Kawahara et al., 1992; Romet et al., 2001; Flores and
rowell, 2005; Coltrin et al., 2000). All physical properties of the
y-product produced by the INT were set equal to the latter.

The total reactive volume of the CVD reactor was rep-
esented by a three-dimensional (3D) geometrical domain
Fig. 1b) of 1,927,954 hexahedral and tetrahedral cells. Due to
ymmetry along the YZ plane (top right inset scheme of Fig. 1)
nd in order to reduce the computational time, only half of the
eactor was considered.

The following boundary conditions were applied:

A flat profile was considered for the gas velocity at the gas
inlet. The total mass flow rate, and all species’ mass frac-
tions were fixed to the experimental values. The inlet gas
temperature was set equal to the temperature of the wall
close to the inlet.
A symmetry boundary condition was applied at the YZ sym-
metry plane.
A classical no-slip condition was imposed for the gas veloc-
ity on the reactor walls, the substrate holder, and the
substrates themselves. The temperature of the surfaces was
set equal to the temperature profile measured experimen-
tally on the reactor walls before deposition. Due to the
steep decrease of the temperature at the exhaust, a con-
stant temperature was applied for the last 100 mm of the
reactor; i.e. between 600 and 700 mm, to avoid backflow in
the computations and to speed up convergence. Modifying
the temperature profile in this region does not impact the
results, because samples were placed only between 57 and
500 mm from the reactor inlet. The mass flux density of
each species was assumed to be equal to the corresponding
heterogeneous reaction rate.
The reactor exhaust was defined with a pressure-outlet
boundary condition. The total pressure was fixed at the

operating pressure. A zero diffusion flux was fixed for all
gas phase variables.
1987 30

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

Rr = k0,r exp

(
− Er

a
R T

)
i=n∏
i=1

pi (1)

For the surface reaction rates, Rr (kmol m−2 s−1) stands
for the rate of the reaction r, k0 (kmol m−2 s−1 Pa−n) is the
pre-exponential factor of the reaction r, Ea

r (kJ mol−1) is the
activation energy of the reaction r, T (K) is the temperature of
the surface where the reaction r occurs, n is the number of
involved species, pi (Pa) is the concentration of the species i.
For the homogeneous chemical reactions, Rr is expressed in
kmol m−3 s−1 and k0,r in kmol m−3 s−1 Pa−n, whereas T (K) is
the temperature of the gas phase.

3. Results

3.1. Experimental thermal profiles and deposition
rates

Fig. 2 shows photographs of the SiO2 films deposited across
the first 12 Si samples placed in the CVD reactor, for the
four SP temperatures tested, corresponding to runs E3–E6. The
deposition rate on substrates 13–18 was similar to the one
on substrate 12. No powder was present on the films. Radial
and axial iridescences appear on the surface of the substrates,
indicating thickness variations of the films. These variations
are directly linked to the chemical mechanisms responsible
for the film deposition, as it will be detailed in the forthcoming
sections, and are probably enhanced by the thermal gradients
existing in the first part of the reactor. The corresponding sim-
ulated thickness profiles are also presented in Fig. 2 and will
be discussed in Section 3.4.

The thermal profiles and the experimental deposition rates
are plotted in Fig. 3 versus the distance from the reactor inlet,
for runs E3–E6. For all four runs, the temperature in the first
70 mm of the reactor remains low, i.e. between 115 and 156 ◦C.
After 70 mm, the temperature increases rapidly to reach the
target SP temperature at 360 mm. Then, an isothermal zone
appears, spanning approximately from 360 to 500 mm.

For run E3, the deposition rate first increases to reach 9
nm min−1 until the temperature reaches approximately 250
◦C, then decreases in the zone where temperature continu-
ously increases. For runs E4–E6, the deposition rate reaches a
maximum value of 11−13 nm min−1 at approximately 180 ◦C,
after which it decreases with the temperature, and remains
constant within the isothermal region. This behavior could
correspond to systems for which at least two different species

are responsible for deposition, as it will be discussed in the
forthcoming sections.



Fig. 2 – Photographs of the SiO2 films along the substrate holder for runs E3 to E6, and corresponding simulated deposition
rate profiles along the YZ plane.

Fig. 3 – Evolution of the experimental deposition rates (blue circles), the reactor’s thermal profile (orange diamonds), and the
adopted thermal profile (red dashed line), along the reactor length, for runs E3 (a), E4 (b), E5 (c) and E6 (d). Light-blue
rectangles depict the considered isothermal regions. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

3.2. Simulation of the deposition rate using existing
model

Nieto et al.’s model (Nieto et al., 2005) was used as the start-
ing point for the present work, because, to the best of our
knowledge, it is the study closest to the conditions used in our
experiments. Their kinetic system (Table S1 in the Supplemen-
tary material) was implemented into FLUENT® and run E3 was
simulated (Fig. 4). A high deposition rate (33 nm min−1) was
observed in the first 150 mm of the reactor, due to the intense
surface reaction R6 (TEOS + 6O3 → SiO2 + O2 + by-products)

between TEOS and O3. No such deposition rate values were
measured experimentally, as shown in Fig. 3a. This consider-
able discrepancy can be explained by the fact that Nieto et al.
did not consider deposition on the reactor walls, and the aver-
age gas temperature of the single-wafer treated in Nieto et al.’s
reactor was always about 400 ◦C, a temperature at which the
concentration of O3 is decreased due to its thermal decompo-
sition through reactions R1 (O3 + M → O2 + O + M), R2 (O

•
3 + O

→ 2O
•

2) and R3 (2O + M → O
•

2 + M). In contrast, the tempera-
ture of the first silicon substrate in run E3 does not exceed 150
◦C. Because k6 does not consider any temperature influence
in Nieto et al.’s model, their kinetic mechanism is unable to

represent our experimental results.



Fig. 4 – Average calculated deposition rates of run E3 (SP
400 ◦C), simulated using Nieto et al.’s model (red dashed
line) and compared to the respective experimental average
deposition rates per coupon (blue squares). (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
a
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Fig. 5 – (a) Determination of partial order exponent for
TEOS in reaction (R6). (b) Linear interpolation of k6
logarithm versus the inverse temperature, plotted for
rticle.)

Moreover, this first simulation indicates that the depletion
f O3 impacts the whole model, because of its high reactiv-

ty and its quick decomposition with increasing temperature
Reactions (R1)–(R3)) in the first few centimeters of the reac-
or. For Nieto et al.’s model, INT production (Reaction (R4),

3+TEOS + M → INT + R + M), depends on the available O3

n the gas phase, and is only observed at the beginning of
he reactor, where O3 concentration is still sufficient. This

ust be put in parallel with the underestimation, by Nieto’s
odel, of the experimental deposition rate between 400 mm

nd the reactor exit, a region where deposition depends on INT
ontribution. One possible explanation is that the INT concen-
ration is depleted in the gas phase due to its low production by
eaction (R4) and high consumption by Reaction (R5), INT→by-
roducts. This indicates that the kinetics of at least Reactions

R4), (R5) and/or (R6) should be modified.

.3. Development of a new kinetic scheme

ccording to the previous preliminary experimental observa-
ions and computational results, we modified Nieto et al.’s

odel and kinetic laws based on the following assumptions:
i) the deposition in the vicinity of the inlet region is attributed
o the reaction between TEOS and O3 (R6), exclusively; (ii) the
eposition closer to the exhaust, where O3 is no more present,

s attributed to INT.
First, concerning the kinetics of (R6), the experimental

esults of runs E1–E3 were considered in order to calculate a
ew partial order exponent a for TEOS. From each run, per-

ormed at the same temperature, the first sample from the
nlet was selected and its weight gain after deposition was
onverted into deposition rate. Runs E1–E3 are coupled in pairs
f two, and by using the (R6) kinetic law of Table S1 (Supple-
entary material), the ratio of their reaction rates is expressed

s:

R6Ei

R6Ej

= k6[TEOS]ai [O3]0.25
i

k6[TEOS]aj [O3]0.25
j

(2)

here R6 is the reaction rate of reaction (R6), Ei and Ej are the
xperimental runs E1, E2, E3, with i = 1–2, j = 2–3, and i /= j.
6 is the kinetic constant of reaction (R6), [TEOS]i and [TEOS]j
re the concentrations of TEOS at the inlet for runs Ei and Ej
selected samples of runs E3 to E6.

respectively, [O3]i and [O3]j are the concentrations of O3 at the
inlet for runs Ei and Ej respectively, and a is the partial order
exponent of TEOS.

With the kinetic constant k6 remaining unchanged (con-
stant temperature for the considered runs), and assuming that
the concentration of O3 at the inlet is approximately equal
across all runs, Eq. (2) is simplified to Eq. (3).

R6Ei

R6Ej

=
(

[TEOS]i
[TEOS]j

)a

(3)

Eq. (3) is then solved for a. The logarithm of
R6Ei
R6Ej

is plot-

ted versus the logarithm of [TEOS]i
[TEOS]j

(Fig. 5a). From the slope of

Fig. 5a, we deduce a value for a equal to 1.9, with Reaction (R6)
now becoming:

R6 = k6[TEOS]1.9[O3]0.25 (4)

This value is higher than the one used by Zhou et al. (a =
1) or Nieto et al. (a = 0.4). The difference may be due to the
steep thermal gradient observed in their reactor configura-
tions, which activates the conversion of TEOS to INT through
Reaction (R4) more rapidly, downplaying the role of Reaction
(R6) and subsequently the influence of the TEOS concentration
on the direct SiO2 deposition.
Our experimental data show a temperature-dependent
evolution of the deposition rate in the region where (R6) is



Table 2 – Proposed apparent chemical model, with the respective kinetic laws and constants.

Reaction stoichiometry Reaction rate and kinetic constants Kinetic constants units

Volumetric
reactions(kmol/m3s)

(R1) O3 + M → O2 + O• + M k1[O3] [M] m3kmol−1s−1

k1 = 2.5 × 1011 × exp
(
− 11430

T(K)

(R2) O3 + O• → 2O2 k2[O3] [O•] m3kmol−1s−1

k2 = 1010 × exp
(
− 2090

T(K)

(R3) 2O• + M → O2 + M k3[O•]2 [M] m6kmol−2s−1

k3 = 4 × 108 × exp
(
+ 720

T(K)

(R4) O3+ TEOS + M → INT+ R + M k4[O3] [TEOS] [M] m6kmol−2s−1

k4 = 4 × 1017 × exp
(
− 14099

T(K)

Surface
reactions(kmol/m2s)

(R6) TEOS + 6O3 → SiO2 + O2 + by-products k6[TEOS]as [O3]bs
kmolrm4.45

kmol1.9
TEOS

kmol0.25
O3

s

k6 = 2.2 × 105 × exp
(
− 2621.1

Ts(K)

a = 1.9, b = 0.25

(R7) INT + O2 → SiO2 + by- products k7[INT]s[O2]s
kmolrm4

kmolINTkmolO2
s

k7 = 1.77 × exp
(
− 2695.2

Ts(K)

(R8) INT + O3 → SiO2 + by-products k8[INT]s[O3]s
kmolrm4

kmolINTkmolO3
s

k8 = 2.24 × 107 × exp
(
− 8345.1
active. This can be observed in Fig. 3 when comparing the
deposition rates of the first sample for each experimental
run, a location where the partial pressures of TEOS and O3

in the gas phase are assumed approximately similar across
all runs, the temperature being the only variable. Therefore,
the first and second samples closest to the inlet were selected
from runs E3–E6, and their respective deposition rate was
divided by [TEOS]1.9

s [O3]0.25
s (by solving Eq. (4) for k6) and plotted

versus the inverse of their local average temperature, span-
ning from 115 to 230 ◦C (Fig. 5b). It is worth noting that the
two points relative to the lowest SP temperature experiment
(run E3) are not aligned with those of the other runs. It is
possible that the mechanisms involved at temperatures lower
than 150 ◦C are different than those prevailing between 150
◦C and 230 ◦C. Thus, these two points were not considered.
As a consequence, the final model will have a lower accuracy
for deposition temperatures lower than 150 ◦C. The temper-
ature dependent kinetic rate for (R6) was obtained from the
results of runs E4–E6, for which an activation energy of 21.8
kJ mol−1 was deduced. It is difficult to comment on this value
in relation to literature data, because in this kinetic model,
each apparent chemical reaction represents a set of multiple
real chemical reactions. Moreover, it is the first time that an
activation energy has been calculated for this reaction.

The kinetic law of Nieto’s reaction (R7), INT→SiO2+by-
products, was then modified in a similar manner. We assumed
that for the conditions tested, INT reacts with an oxygen
containing species to form the SiO2 film. Cleavage of the
remaining ethoxy moieties of the intermediate species is facil-
itated by the reaction of INT with O

•
, O2, or O3. The kinetic

constants of Reaction (R7) were adjusted based on the exper-
imental results of runs E3–E6, and focused specifically on
samples of the isothermal region assumed between 360 to 500
mm. Their deposition rate was divided by the calculated con-
centration of INT and by that of an oxygen reactive species,
then plotted against the inverse of their local average tem-
perature to obtain an Arrhenius plot expression (Fig. S2 of
the Supplementary material). The two reactive species active
in this region for the present configuration and thermal pro-
file are O2 and O

•
. Unlike Romet et al. (2001) who proposed

a deposition mechanism involving the reaction of silanol or
•

diol intermediates with O3 and O , we used a reaction between
INT with O2 instead, as it represents our experimental results
Ts(K)

more accurately. From the above, an activation energy of 22.4
kJ mol−1 was deduced, and Reaction (R7) was reformulated,
as detailed in Table 2. Since no decline in the deposition rates
was observed close to the exhaust, Reaction (R5) was removed
and not applied in our model, similarly to the model of Kim
and Gill (1994).

Fig. 6 illustrates the experimental and the computed depo-
sition rates along the length of the reactor, for runs E3–E6.
Regions where the simulation overestimates the experimen-
tal deposition rates are limited only close to the inlet for runs
E3 and E4. In contrast, regions where the simulation under-
estimates the experimental results are noticeable across all
runs, between approximately 70 and 250 mm from the inlet.
As such, the respective difference between the two sets of the
results is also plotted for each run, for the points where the
simulation underestimates the experimental deposition rate.
These plots reveal that the agreement between the experi-
mental and the computed deposition rates is not satisfactory.
For each run, there is a need for an additional heterogeneous
reaction occurring at intermediate temperatures. We assumed
that this reaction involves the INT species reacting with oxy-
gen species. By observing the calculated local mass fractions
in this specific region, O3 and O

•
were considered. Subtract-

ing (R6) and (R7) from the experimental deposition rates, the
difference was expressed as either k8[INT][O3] or k8[INT][O

•
],

assuming first order exponents. It was determined that a reac-
tion of INT with O3 better represents the experimental results.
An activation energy of 69.4 kJ mol−1 was deduced for the
new heterogeneous Reaction (R8) detailed in Table 2. The addi-
tion of multiple surface reactions, where INT is the silicon
provider, seems plausible when taking into consideration the
wide variety of molecules that INT represents. Romet et al.
(2001) mention that the inclusion of additional INT-centered
surface reactions improves the model’s accuracy and repre-
sentation of experimental results, something that led them to
remove deposition reactions involving TEOS.

The final version of our model and the respective kinetic
constants are given in Table 2. It is recalled that all the chemi-
cal reactions considered in the model are apparent and stand
for numerous elementary mechanisms. Phenomena such as
reactive species adsorption, surface diffusion, chemical reac-

tion and product desorption are accounted for in one single
surface reaction.



Fig. 6 – Evolution of average experimental deposition rate on each sample (blue squares), average simulated total deposition
rate (black dashed line) calculated for each sample, after simulating reactions (R1) to (R7) of the model. Difference of average
experimental minus average simulated total deposition rate, for the samples on which the simulation underestimates the
experimental rate (red dashed line). (a) Run E3, (b) E4, (c) E5, and (d) E6. (For interpretation of the references to colour in this
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.4. Validation of the proposed kinetic model

ig. 7 presents the calculated and experimental deposition rate
rofiles along the reactor length with the respective TEOS and

NT contribution to the film for runs E3 to E6. It appears that
he new kinetic model provides very good agreement with
he experimental data, with the average relative error of all
uns being approximately 17% for the samples located in the
sothermal region. The poorest agreement is observed at the
nlet zone of run E3 (Fig. 7a) corresponding to the lowest SP
emperature, i.e. 400 ◦C. This is not surprising since we did
ot consider the inlet zone results of this run to build our
odel, as explained in Section 3.3. The overestimation of the

xperimental results in this region further underlines that at
different mechanism possibly takes place for temperatures

ower than 150 ◦C (Fig. 5b).
For runs E4–E6, (Fig. 7b–d), the agreement in the inlet zone

s clearly improved with increasing SP temperature. For run
5, i.e. SP 500 ◦C, experimental errors appear mainly in the
sothermal zone due to a slight vertical angular displacement
f specific substrates within the substrate holder, causing
hem to be out of vertical alignment. Lastly, for run E6, i.e.
50 ◦C (Fig. 7d), a shoulder is observed on the experimental
eposition rate data, spanning between 150 and 275 mm, cor-
esponding to a zone where the temperature reaches 520 ◦C.
he model fails to conform to this deposition profile, underes-

imating the total deposition rate in this region. The existence
f this shoulder cannot be attributed to experimental error,
uch as the vertical, out-of-alignment displacement of the
amples, as it is rather uniform in shape and does not appear
o be random. It is likely the result of another intermediate
eaction contributing to deposition, activated starting from
20 ◦C, meaning that the model is less accurate above this

emperature.
icle.)

Observing TEOS’ and INT’s respective contributions to
SiO2 deposition, the simulation results confirm that TEOS is
responsible for the formation of the film in the coldest zones
close to the inlet of the reactor (first 150 mm of the reactor
length) through Reaction (R6). Deposition of SiO2 from INT
through Reactions (R7) and (R8) occurs from around the first
100 mm and until the end of the reactor.

Focusing back on Fig. 2, a visual comparison between
photographs of the films and the calculated deposition
rate profiles along the substrate holder is shown for runs
E3–E6. A remarkable agreement appears on the shape of
the profiles, indicating that the main deposition mecha-
nisms are well considered for this operating range. More
quantitative, local thickness profiles measured by reflec-
tive ellipsometry are compared with simulation in Fig. 8.
More specifically, the calculated deposition rate of run E4
was plotted across a horizontal line crossing the sub-
strates’ surface (YZ plane), 2 mm below the top edge,
to extract CFD simulation results across the exact same
line along which the ellipsometry measurements have been
acquired.

A remarkable agreement is observed between the calcu-
lated and experimental results of Fig. 8, confirming the ability
of the model to predict local values of deposition rates. For
the first two coupons, the simulations overestimate the local
thickness due to the low temperature, as previously explained.
Despite that, Fig. 8 is useful for ascertaining that the model can
give agreeable local thickness values, complementary to the
average deposition rates calculated per coupon in Fig. 7. Lastly,
the good agreement in both shape and value thus validates the
new chemical and kinetic model as an appropriate simplified
representation of the involved chemical mechanisms, for the
range of operating conditions tested.



Fig. 7 – Comparison of average experimental deposition rates (black squares) and average total simulated ones (red dashed
line) for each coupon of runs E3 (a), E4 (b), E5 (c) and E6 (d). Calculated contributions of TEOS (through reaction (R6)) and INT
(through reactions (R7) and (R8)) to deposition are presented by dashed-dotted blue and green lines respectively.
Experimental thermal profile (orange diamonds) is included for each run. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 8 – Comparison of calculated local thickness (dashed black line) from simulations, and experimental local thickness
(blue squares) measured by a refractive ellipsometer for run E4. Photograph of array of samples and scale denoting distance
from the reactor inlet are included for visual aid. Red dashed-dotted line represents the line along which the simulation
results were extracted. White squares represent the points at which the ellipsometric measurements were taken. (For

d, th
interpretation of the references to colour in this figure legen

3.5. Discussion on process simulation results

The validated model provides valuable local hydrodynamic,
thermal and mass transfer information for the studied chem-
ical system. Taking run E4 as an example, Fig. 9 presents the
local velocity, temperature and mass fraction profiles, whereas
Fig. 10 details the local reaction rate profiles. The other runs
exhibit similar behavior. All the gas volume profiles are plotted
along the XZ horizontal plane crossing the reactor symmetry
axis, whereas the surface profiles are plotted on the sub-

strates, along the YZ vertical plane, as illustrated in the top
right inset of Fig. 1.
e reader is referred to the web version of this article.)

The velocity profile presents a double vortex-like shape in
the inlet region and across the first substrates, because the gas
is concomitantly heated by the solid surface of the wall and the
substrates, and is split in two portions when arriving near the
substrates (results detailed in Supplementary material). When
plotting using the horizontal plane view of Fig. 1, the velocity
profile appears parabolic, as classically observed for laminar
gas flow. The hottest zones of the reactor logically give rise
to the maximum velocity, close to 0.5 m s−1. The correspond-
ing minimum residence time for the gas into the reactor is

about 1.4 s. This is a high residence time for a hot wall CVD
reactor, and could favor homogeneous chemical reactions,



Fig. 9 – Local velocity, temperature and mass fraction profiles of TEOS, INT, O3, O2 and O
•

plotted along the XZ plane for run
E4 (450 ◦C). Vertical green dash-dotted line signifies the start of the substrates at 0.057 m. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10 – Reaction rate profiles for all reactions plotted along the XZ plane for the gas phase reactions ((R1) to (R4)) and along
the YZ plane for the surface reactions ((R6) to (R8)) of run E4 (450 ◦C). Vertical green dash-dotted line signifies the start of the
substrates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



156 Chemical Engineering Research and Design 1 6 1 ( 2 0 2 0 ) 146–158
already enhanced by the operation at nearly atmospheric
pressure.

The gas temperature remains below 150 ◦C before the
substrates’ zone. It then increases and presents a W shape,
followed by a parabolic shape in the zone occupied by the sub-
strates. The W shape is due to the two-portion split of the gas
previously mentioned and is also observed for the mass frac-
tion profiles as detailed in the Supplementary material. The bulk
of the gas is logically colder than the gas close to the reactor
walls and the substrates. Such profiles can be explained by
the dominance of the convective phenomena and by the low
thermal conductivity of the gas.

Fig. 9 reveals that the O3 and TEOS mass fractions remain
constant until the average gas temperature reaches a value
close to 200 ◦C at approximately 140 mm from the inlet. From
this zone onwards, the TEOS mass fraction decreases due to
the heterogeneous Reaction (R6), and then a little further into
the reactor, due to the homogeneous (R4) reaction (Fig. 10). O3

is depleted slightly more rapidly in the same zone, until only
a very low mass fraction remains. This depletion is attributed
mainly to Reaction (R1), whose kinetics is much higher than all
the other homogeneous reactions (Fig. 10), and also to Reac-
tions (R4) and (R8). Reaction (R4) gives rise to the INT species
formation in a localized region between approximately 120
and 240 mm from the inlet, after which the reaction rate of (R4)
diminishes to very low value, because no more O3 is present
after this zone. For the same reason, Reaction (R8) is also active
only in this region, as a priori defined. After about 280 mm from
the inlet, the TEOS and O3 mass fractions remain constant,
with the O3 mass fraction being close to zero, and as such Reac-
tions (R4) and (R6) are unable to take place. On the contrary,
INT is slowly depleted through reaction (R7), and presents a
remarkable 200 mm long zone of uniform value, between 250
and 450 mm from the inlet. Interestingly, despite the mass
fractions of INT and O2 remaining fairly constant after 450
mm, the reaction rate of (R7) decreases, underlining its tem-
perature dependency. The atomic oxygen is formed through
reaction (R1) just after the zone corresponding to the concen-
tration decrease of O3 (between approximately 120 and 220
mm), and appears in low concentrations for most of the reac-
tor’s length. For O2, it is present in excess and thus its mass
fraction is uniform inside the reactor, with a slight increase
observed in the O3 depletion zone, mainly due to reaction (R1)
and also to Reactions (R2) and (R3).

Overall, the TEOS conversion rate for run E4 is approxi-
mately 79%, increasing for higher SP temperatures. Despite
that, the global TEOS-to-SiO2 conversion rate on all solid sur-
faces remains low does not exceeding 5.2% for all runs. This
means that the TEOS conversion involves mainly the gas
phase Reaction (R4), which converts TEOS into INT.

The key information is that Reaction (R7) should be favored
to uniformly coat complex-in-shape and/or large substrates.
In the frame of the development of a new process, the model
can be used to optimize both the CVD reactor design and the
deposition conditions to enhance this heterogeneous reaction
and decrease the other ones.

It is also worth noting the rapid consumption of O3 even
at low temperatures. As a result, TEOS and INT remain unre-
acted, with Reactions (R4), (R6) and (R8) ending prematurely. In
those reactions, O3 depletion becomes the rate-limiting step,
indicating that a higher O3 flow would be preferable all across
the substrate zone. However, increasing the O3 concentration

would lead to higher deposition rates across the whole reac-
tor length in general, and especially at the inlet region where
Reaction (R6) rapidly takes place. As such, big discrepancies in
deposition rates between the colder inlet zone and the isother-
mal region would still exist. An alternative studied was the
increase of the total flow rate, as shown in Figure S7 of Supple-
mentary material. By increasing the total flow rate up to three
times, the deposition profile in the inlet zone is flattened and
spread out over a larger region, thus demonstrating the capa-
bility of the kinetic model to optimize the deposition process.
Nevertheless, the increase of the temperature as the gas pro-
gresses towards the isothermal region still leads to the thermal
decomposition of O3 and its depletion in the later parts of
the reactor. It becomes apparent that the combined contri-
bution of Reactions (R6) and (R7), along with Reaction (R4), is
required for more flat profiles. A proposed solution for higher
TEOS-to-INT conversion rate, and TEOS and INT conversion
into SiO2 film to result in higher deposition rates in the isother-
mal region and an overall flatter deposition profile would be
a sequential introduction of ozone at multiple parts along the
reactor. For better uniformity, it is proposed to insert O3 in
already heated zones, in order to avoid the abrupt deposition
rate due to (R6) in cold zones. This is a known problem, and
such a solution has been proposed in other works (Yuan and
Mokhtati, 1996; Nieto et al., 2005). Since a multiple injection
setup of O3 cannot be easily implemented experimentally, the
present model could be used to help finding the best geometry
and operating conditions to increase intermediate conversion
and overall yield.

4. Conclusions

The deposition of SiO2 from a TEOS/O2/O3 gas mixture per-
formed by atmospheric pressure CVD is a promising route
to provide new surface properties to thermally sensitive sub-
strates. An apparent kinetic model is proposed, in order to
represent CVD reactor geometries and deposition conditions
able to treat such substrates. The range of validity of the new
model is larger in substrate temperature (150−520 ◦C) and in
gas residence time (>0.5 s) than those of the literature.

We applied a methodology combining experimental stud-
ies and process analysis by CFD simulation. Experimental
results obtained in non-isothermal zones of a hot-wall tubular
reactor were simulated using the CFD code FLUENT®.

Based on the model of Nieto et al. (2005), a thermal depen-
dency of the direct formation of SiO2 from TEOS and O3 was
considered for the first time. For the conditions tested, it
was found that the intermediate species resulting from the
gas phase decomposition of TEOS participate in two differ-
ent apparent surface reactions, both producing SiO2 films. An
agreement in shape and value of the calculated local profiles of
deposition rates with experimental values validated the new
kinetic model.

The analysis of the calculated local evolutions of gas veloc-
ity, temperature and species mass fractions provides valuable
information about the process behavior. In particular, the
detailed contribution of each species to the deposit was dis-
cussed and alternative routes of process optimization were
proposed. It appears that the model can help in determining
the best reactor design and operating conditions to uniformly
coat complex and/or large substrates, even at atmospheric
pressure. The model could also help in increasing the deposi-

tion rate and the TEOS contribution to the deposit by designing
a multiple injection system of ozone.
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This new model paves the way to develop and optimize new
VD processes allowing to coat a large variety of substrates
y SiO2 thin films at quite low temperatures for innovative
pplications.
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