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The chemical reaction mechanism and fine particle generation during atmospheric
pressure chemical vapor deposition with the tetraethylorthosilicate/ozone system were
studied experimentally and theoretically for a flow-type vertical-tube reactor. For the
thermal decomposition of ozone, numerical simulations obtained using reaction rate
constants for a batch reactor explained experimental results well. The activation energy
of chemical reaction between TEOS and the oxygen radical, O-, was evaluated from
the particle generation rate (2.18 X 10° J/mol). Particle population balance equations,
based on the simplified reaction coagulation model, were coupled with equations for the
thermal decomposition of ozone and chemical transformations of TEOS and solved
numerically. Calculation results for particle number concentration and size agreed with
experimental results for temperatures below 430 K. For temperatures above 430 K mea-
sured concentrations agreed well with calculated values, but measured sizes were signifi-
cantly smaller than calculated sizes. Thermal desorption spectra from particles gener-
ated at 423 K revealed a peak from C,H, at ~ 800 K, presumably from ethoxy groups.
This emission explains, at least in part, the observed decrease in particle size at high
temperatures.

Introduction

Silicon dioxide film preparation by atmospheric pressure
chemical vapor deposition (APCVD) from tetraethylortho-
silicate (TEOS) is used extensively in very large-scale integra-
tion (VLSI) technology for constructing multilevel intercon-
nections of deep submicron layers, because the prepared films
show a flow-like shape. TEOS, Si(O-C,Hs),, is an alkoxide
of silicon and is widely used as a silicon source in CVD. Fig-
ure 1 shows both conformal and flow-like films prepared by
the TEOS/O; APCVD process. Conformal films grow at the
same rate in all directions and are formed when ozone con-
centrations are low. The flow-like films show nonconformal
growth, flowing from the upper corner to the lower corner of
steps, and tend to form at high ozone concentrations. This
liquid-like characteristic causes filling of deep-submicron gaps
and planarization of the film. The TEOS/O; APCVD pro-
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cess is particularly advantageous for low-temperature film
formation, has self-planarization and excellent gap-filling
properties, and is suitable for formation of interlayer dielec-
tric films after wiring by low melting point metals such as
aluminum. Previous studies of film formation in this system
have been reported. Adams and Capio (1979) studied the de-
position of silicon dioxide films at reduced pressure and high
temperature. Fujino et al. (1990, 1991, 1992) studied the de-
position rate and properties of silica films produced by
APCVD using the TEOS/O; chemical system. Matsuura et
al. (1991) measured deposition rate and film characteristics
of thin films deposited by APCVD using several organic sili-
con compounds including TEOS and OMCTS (octamethyl-
cyclotetrasiloxane; [(CH ;),Si-O-],) and ozone. Kawahara et
al. (1992) measured the decomposition process of TEOS us-
ing in-situ FT-IR. Adachi et al. (1992-1996) found the rela-
tionship between the chemical structures of nanometer-sized
particles and the resulting film morphology.
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Figure 1. Scanning electron microscopy of conformal
and flowlike films deposited on the Si wafer
with step.

In the TEOS/O; APCVD process, silica films are pre-
pared at temperatures below 573 K. The formation of films
at such low temperatures in this system is possible due to the
presence of the highly reactive oxygen radical, which is formed
by the thermal decomposition of ozone. Because oxygen radi-
cals initiate chemical reactions, the distribution of oxygen
radicals must be understood before one can model the film
formation mechanism. However, it is very difficult to mea-
sure the oxygen radical concentration and the mechanism of
film formation is still not well understood.

Figure 2 illustrates the mechanisms of thin film growth and
particle formation in a TEOS/O; APCVD reactor. TEOS va-
por reacts with oxygen radicals produced by the thermal de-
composition of ozone to form intermediate species in the gas
phase. These intermediates deposit on the silicon wafer where

they undergo surface reactions, such as polymerization, to
form a silicon dioxide film. Simultaneously, gas-phase inter-
mediate species with very low vapor pressures form liquid-like
droplets by homogeneous nucleation that polymerize in the
gas-phase to become silica-like particles. In most film prepa-
ration processes, the deposition of such particles on the
substrate causes contamination. We hypothesize that at low
temperatures, the nanometer-sized particles are generated by
coagulation of intermediates, and that they retain the compo-
sition of the intermediates at the exit from the reaction.
Therefore, the rate of particle production and the particle
composition reflect the chemical production and composition
of the intermediates.

In this work, we carried out experimental measurements
and numerical simulations of the processes in a simple verti-
cal-tube CVD reactor to explore the mechanism and rate of
gas-phase reactions and particle generation in the TEOS/O,
system. Similar analysis for other systems have been reported
previously. Okuyama et al. (1991) studied particle formation
in SiO, film formation by reaction of SiCl, and O, and par-
ticle formation by oxidation of metal alkoxide (Okuyama et
al., 1986, 1990). Whitby and Hoshino (1996) simulated parti-
cle formation in a SiH,:0,:He low-pressure CVD reactor,
and compared their results with measured particle sizes.

In principle, numerical simulations of particle formation in
such systems involve simultaneous solutions to the equations
for fluid flow, heat transfer, reaction kinetics, and particle
nucleation and growth. In this study we assume that the fluid
flow and temperature field are unaffected by chemical trans-
formations. Therefore, we first solve for local velocities and
temperatures, and use these to solve the coupled equations
for gas-phase reactions and particle formation. We use the
simplified reaction coagulation (SRC) model proposed by Wu
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Figure 2. Particle and thin film formation in the TEOS/0,-APCVD reactor.
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et al. (1988) for particle nucleation and growth. The SRC
model requires much less computational overhead than other
schemes (such as Wu and Flagan, 1988, discrete-sectional
model) that have been developed for solving the general dy-
namic equation for aerosols (Gelbard and Seinfeld, 1979), yet
adequately captures the details of cluster formation and
growth that are essential for simulating nucleation.

Experimental Apparatus and Method

Figure 3 shows the experimental apparatus. This system
consisted of an infusion pump for delivering TEOS at a known
rate, a temperature controlled TEOS evaporator, and a
tube-type CVD reactor. Diagnostic tools included an ozone
monitor (DYLEC Co. Ltd., Model DY-1500) for measuring
concentrations at the inlet and outlet of the tube furnace, a
DMA (TSI Inc., Model 3071), and a CNC (TSI Inc., Model
3020) for measuring particle size and number concentration.
The reactor was a vertical quartz tube with an inner diameter
of 13, 20 or 3¢ mm, and was heated by a six-zone electric
furnace. In this study, the outlet temperature was maintained
at room temperature to allow measurement of the ozone
concentration and particle distributions. Measurements of
ozone thermal decomposition were carried out for two tem-
perature distributions. For distribution 1, the lower three
heater sections were on and the upper three were off, and
for distribution 2 a continuous temperature increase was
achieved.

An ozone/oxygen mixture produced from oxygen by a sur-
face-discharge-type ozonizer, was introduced along the axis
of the reactor at a flow rate of either 100 or 200 cm/min. A
second flow containing a mixture of nitrogen and TEOS va-
por from the evaporator at a flow rate of either 300 or 600
cm®/min was mixed with the O,/0, flow at the inlet to the
reactor. The total flow rate was fixed at either 400 or 800
cm?/min. Numerical computations confirm that the two flows
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Figure 3. Experimental apparatus for thermal f:lecompo-
sition of ozone and particle generation.
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mixed completely by diffusion before they entered the fur-
nace.

We measured the change in the ozone concentration due
to the thermal decomposition of ozone and the particle num-
ber concentration and size distribution. The furnace temper-
ature T was varied from 298 to 573 K.

Evaluation of Thermal Decomposition of Ozone

The concentrations of oxygen radicals, O,, O3, and N,
within the reactor were determined by numerically solving
their respective convective-diffusion equations, including the
effects of chemical reactions in the source terms. These
equations are of the form

C C
V-DV(—)—V-u(;)~pS=O, )

p

where p, C, D, S are density (kg/m?), concentration (mol/L),
diffusion coefficient (m?/s), source term (mol/L-s) of each
gas. To solve Eq. 1 for each species, the temperature and
velocity distributions within the reactor are needed. In this
article, we assume the concentration of ozone was low enough
that we could neglect its effect on density, viscosity, heat ca-
pacity, thermal conductivity, and so on. We therefore deter-
mined the fluid flow and temperature fields by solving the
coupled fluid-flow and heat-transfer equations, and used the
resulting velocity and temperature fields to solve the convec-
tive-diffusion equations for the other chemical species.

Gas velocity and temperature distribution in the flow
reactor

The gas velocity and temperature distributions are gov-
erned by the following equations. (u, «,, and u, are defined
as the velocity of the carrier gas (m/s).)

Equation of continuity

V-(pu)=0 2)
Momentum equation
~[V-puu]-Vp ~[V-71+pg=0 3
Energy equation
V-aVT -V-(uT)=0 4

where p, a and g in Eqs. 2-4 are the gas density (kg/m?),
the thermal diffusion coefficient (m2/s) and gravity (m/s2),
respectively. The gas density p is assumed to be expressed by
the ideal gas law as

p=pmy/xT, (6))

where m, is the mass of a gas molecule (kg) and « is the
Boltzmann constant (1.38x 1072 J/K). The thermal diffu-
sion coefficient « (m?/s) is a function of temperature.

The boundary conditions for the gas velocity and the tem-
perature in Eqgs. 2—-4 are
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z=0, 0<r<Ry;
T=T, 20 1 (Y 0, (6
Tl T %105 7R R T
0<z=<zy, r=Rg;
T=T,=T,, u,=u,=0, @)
7, <z<z,, r=Rg

z
T=TW=TO+(Tf—T0)(Z ), u,=u,=0, (8)

2, <z=2z, r=Rp;
T=T,=T;, u,=u,=0, )]
zp <z<Z, r=Rr;

z-z\"
T=TW=TO+(Tf—T0)( ), u,=u,=0 (10)

Z_zf3 r z
and
z2=2, 0<r<Ry;
T=T, 20 1 (r 2 0, (a1
Tl T X105 #RE Re) " 7

where T, and Q are the temperature (298.15 K) and volu-
metric flow rate at room temperature (cm3/m), respectively,
of the gas at the reactor inlet; Rt and Z are the inner radius
(m) and length (m) of the reactor, respectively; z;; is the po-
sition of the start of the furnace, z, and z are the positions
of start and end of controlled-temperature section, and T,
T, and a are the furnace temperature (K), the wall tempera-
ture (K), and a constant determined from the wall tempera-
ture measurements, respectively. 7 is the radial position (m),
and zy, 24, and zy are defined as the axial position of heat-
ing. The wall temperature profiles along the z-direction
shown in Figure 4 are described by Eqgs. 6-11 based on the
temperature measured with a thermocouple.
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Figure 4. Temperature profiles of the reactor wall mea-
sured with a thermocouple.
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All equations were discretized using a control volume
method and solved using the SIMPLER algorithm (Patankar,
1980). The number of grid points along the r (radial) and z
(axial) directions are 13X 122, 14X 122, and 24 X 122 for tube
diameters of 13, 20 and 30 mm, respectively. In the numerical
simulations the influence of buoyancy could have been in-
cluded by adding the gravity term in Eq. 3. However, we se-
lected experimental conditions where convection was strong
enough so that buoyancy could be neglected.

Ozone thermal decomposition mechanism and rate

The source term in Eq. 1 represents the generation and
destruction of chemical species, and is derived from the fol-
lowing mechanism and reaction rate constants. The thermal
decomposition of ozone in a batch reactor was studied by
Benson et al. (1957, 1965) at the temperatures between
90-100°C. Their experiments were carried out in a spherical
Pyrex chamber and in an irregularly shaped Pyrex chamber.
They developed the following reaction mechanism

k
0, +M—>0,+0-+M, (12)
k
0,+0 - +M—50,+M, (13)
and
k3
0;+0-—520,, (14)

where M stands for a third body such as O,, O; and N,.
Here, the concentration of M is given by

Cy=2273Co, + Co, +0.9318Cy, . (15)

This expression, based on O, gas, was derived by modifying
the original experimental relation presented by Benson and
Axworthy (1957, 1965). The reaction rate constants are

k;=2.02%x10"exp(-1.00X 10%RT), (16)

ky=12.96x10" exp (3.73X 10%/RT), an
and

ky=3.37x10Pexp(—2.40x 10*/RT). (18)

Using the above reaction mechanism and reaction rate
constants, we derived the following source terms for the con-
vective-diffusion equations

ro=kiCo,Crt — k3C0,CoCy~ k3Co,Co. (19
ro,=k1Co,Cm = k3C0,CoCy +2k3C5,Co,  (20)

and
ro, = —k1Co,Cnm + k,Co,CoCy — k3Co,Co.  (21)
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Table 1. Conditions of Experiments and Numerical Calculations for Thermal Decomposition of Ozone

Run number 1 2 3 4 5 6 7
Tube diameter (mm) 13 20 30 13 13 13 13
Flow rate (cm®/min) 400 400 400 800 400 400 400
Init. ozone conc. (mol/L)  8.50x 1073 850x10~%  850x107°  850x10°° L70x107%  430x107°  850x10°°
Temp. distribution 1 1 1 1 1 i 2

Experimental and calculation results on the thermal
decomposition of ozone

The conditions of our experiments and numerical simula-
tions are shown in Table 1. Run No. 1 corresponds to stan-
dard operating conditions. In Run Nos. 2 and 3, the diameter
of reactor tube was increased from 13 mm to 20 and 30 mm,
respectively, while in Run No. 4, the gas-flow rate was
changed from 400 to 800 cm*/min. In Run Nos. 5 and 6, the
initial ozome concentration was changed from 8.5x107°
mol/L to 1.7x107* and 4.3 1075 mol/L, respectively. For
these experiments, the temperature of the heated zone of the
reactor was kept constant (temperature distribution 1) and
the temperature profiles are shown by the open circles, trian-
gles, and squares in Figure 4. In Run No. 7, the temperature
profiles shown by solid circles in Figure 4 were used. As seen
in Figure 5 the ozone concentration measured at the exit of
the reactor agreed well with the calculated results for all
cases. This agreement indicates that our simulation results
for the thermal decomposition of ozone are reliable.

Figure 6 shows the mixing-cup temperature and the con-
centration profiles for ozone and oxygen radicals predicted
by the numerical simulations for an initial ozone concentra-
tion of 8.5x107° mol/L, a reactor diameter of 13 mm, and a
volumetric flow rate of 400 cm®/min. In order to simplify the
treatment of the thermal expansion of the gas, the concentra-
tion is expressed in terms of the mass fraction. The ozone
concentration did not vary significantly in the axial direction
at 373 and 423 K. Above 473 K, however, the ozone concen-
trations decreased in the heated zone and reached a constant
value at the end of the heated zone.

The oxygen radical concentration behaved similar to the
temperature profile. At temperatures below 473 K, the oxy-
gen radical concentration reached a constant value in the
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Figure 5. Measured vs. calculated ozone concentra-
tions at various reactor temperatures.
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heated zone and decreased after the end of the heated zone.
At 523 and 573 K, the concentration reached a maximum at
the start of the heated zone and then decreased slightly. The
oxygen radical concentrations continued to decrease after the
end of the heated zone. The maximum oxygen radical con-
centration at 573 K is about two orders of magnitude higher
than at 473 K. If T; is high enough to decompose ozone, the
concentration of oxygen radicals also decreases. We believe
this explains the decrease in the film growth rates for tem-
peratures above 573 K.

Evaluation of Particle Generation

Figures 7a and 7b show typical experimental results for
number concentrations and volumetric average diameters, re-
spectively, for particles generated at various temperatures.
Figure 8 shows the particle-size distributions. At tempera-
tures below 380 K, the number concentration increases expo-
nentially with increasing furnace temperature, but at higher
temperatures, the number concentration reaches an asymp-
totic value.
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Figure 6. Calculated axial mixing-cup temperatures and
concentrations of ozone and oxygen radical.
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Figure 7. (a) Measured number concentrations and (b)
mean volume diameters of particles at various
temperatures.

In a previous article, we reported on characteristics of par-
ticles formed in this system (Adachi et al., 1993). Particles
were found from TEM observations to be amorphous with
diameters ranging from 10-50 nm diameter. FT-IR spectra
of the particles showed that a main component was Si0,. As
with films formed by APCVD of TEOS/O,, small amounts of
H,0 and the ethoxy group were also found.

Considering these features of particle generation in
TEOS/0O; APCVD processes, we made a model based on
the following assumptions:

(1) Gas-phase intermediates species are formed by the
gas-phase reaction of TEOS and oxygen radicals. These are
the monomers for cluster and particle growth.

(2) The clusters and particles grow mainly by Brownian co-
agulation.

(3) The agglomerated particles are spheres.

(4) The density of the particle is equal to the density of
TEOS.

(5) All of the particles hitting the reactor wall are removed
from the gas phase.
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Figure 8. Change in particie-size distribution with reac-
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Particle generation conditions at Crgog = 2.04 X 10 ¢ mol/L
(50 ppm), Co,=425x107° mol/L (1,040 ppm), Q = 400
¢m/min, and Ry = 6.5 mm.

Formation rate of intermediates

Many researchers have examined the chemical reaction ki-
netics of TEOS/O,; APCVD and reached the following con-
clusions:

(1) TEOS reacts with oxygen radical but not with O,
(Matsuura et al., 1991; Kawahara et al., 1992).

(2) The TEOS-oxygen radical reaction produces oligomers
of TEOS in the gas phase (Matsuura et al., 1991; Kawahara
et al., 1992; Satake et al., 1994).

(3) The main gas-phase byproducts are ethylene, ethanol,
carbon dioxide and water (Desu, 1987; Matsuura et al., 1991;
Kawahara et al., 1992).

From the above, we assume that the gas-phase intermedi-
ates are oligomers of TEOS reaction products that these in-
termediates coagulate to form liquid-like droplets, and that
these droplets polymerize to form spherical silica-like parti-
cles. We used the following overall reaction model with the
assumption that byproducts such as C,H, and C,H;OH were
immediately oxidized by oxygen radicals

ki o
nSi(OC,Hy), +12(n —1)0+ —58i,0,,_1,(OC;Hs)an 1 1)
+4(n-1)CO, +5(n —DH,0. (22)

The generation rates of TEOS and intermediates are ex-
pressed as

Vol. 43, No. 11A 2693



rteos = ~ kK4CreosCos Tinter = K4CrposCo/n. (23)

The net generation rate of the oxygen radical is then
ro=+k1Co,Cnm — k3C6,CoCy — k3C0,Co
-12(n - Dk,CoCrpos- (24)

The effect of the TEOS vapor on the thermal decomposi-
tion of ozone has not been previously studied. The coeffi-
cients in Eq. 15 were obtained experimentally in the absence
of TEOS vapor. In this study, the TEOS concentration is less
than 100 ppm, which is considerably lower than the concen-
trations of O, or N,. Accordingly, we assume that TEOS plays
an insignificant role as a third body in the decomposition of
ozone.

Because of the oxygen radical’s high reactivity and low con-
centration, the pseudo steady-state approximation was used
to determination its concentration from Eq. 24

_ k,Co,
O kyCo, + k3Co, /Cop +12(n — Dk yCrpos/C

C . (25

Unfortunately, the reaction rate constant k, is unknown.
However., bega}use Co,/Cy <1 and Crgeg/Cy <1, Eq. 25
can be simplified to

kiCo,

= . (26)
©" kyCo,

To confirm this simplification we compared the value of C,
obtained with Eq. 25 with the value obtained with Eq. 26
using the rate constant k,, which was determined later. The
result shows that the simplified expression is valid at temper-
atures below 370 K.

The generation rate of intermediates 7,
scribed as

inter Can then be de-

ky,k4,Co,CrE0s
nk, Co,

_ k4COCTEOS _ klk4C03

Tinter =

TEOS ~
n nkzcvo2 E

xexp | - (AE,, +1.00x10°+3.73x10°)/RT], (27)

where k,, k;, and k, are the frequency factors for k;, k5,
and k,, respectively. At low temperatures, the thermal de-
composition rate of ozone and the consumption of TEOS can
be ignored, so that the generation of intermediates is only a
function of the temperature. Moreover, the concentration of
particles is low enough that we can ignore the effect of coag-
ulation. Therefore, the rate at which intermediates are gen-
erated is proportional to the rate of particle generation.
Therefore, we can estimate the activation energy for the re-
action between TEOS and oxygen radicals from the relation-
ship between the furnace temperature and the particle con-
centration.

Arrhenius plots for particle number concentrations at
TEOS concentrations of 25, 50 and 100 ppm, and reactor
tube diameters of 13, 20 and 30 mm are shown in Figure 9.
At temperatures below 370 K, AE/R for all cases is nearly
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Figure 9. Measured particle number concentration on
Arrhenius plot.

constant at 39,000 K. The observation that AE/R does not
depend on the reactor tube diameter supports the argument
that wall reactions do not affect concentrations of the inter-
mediates.

From Egq. 27, the activation energy of the TEOS-oxygen
radical reaction is 2.18 X10° J/mol. From our experiments,
however, we could not determine the frequency factor &, of
the reaction, so it was varied in the numerical simulations to
get good agreement with experimentally observed particle
concentrations.

Generation and growth rate of particles

The formation and growth rate of particles are governed
by the so-called general dynamic equation of aerosols. In this
study, we used the simplified reaction-coagulation (SRC)
model. In the SRC model, as illustrated in Figure 10, the
particle-size distribution is represented by a number of dis-
crete sizes corresponding to the cluster size distribution, and
a single average particle size that represents the size distribu-

Discrete Regime - Represented by
Number Concentration

Average Particle - Represented by
Mass and Number Concentration

B E————

Ni
Ne,Me

123 i k d..
number of minimum monodispersed
oligomer particle

SRC MODEL

Figure 10. Particle-size spectrum used in the SRC
model.
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tion of larger particles. Material is added to the clusters from
the reaction source and are transferred to the larger particle
mode either when the clusters grow outside the discrete
regime, or when they collide with the particles in the larger
mode. The SRC model computes the number concentration
of each discrete size N; the average particle size of the larger
mode is calculated from the total number and mass concen-
tration of the particles, N, and M, respectively.

With this model, and introducing a term for particle for-
mation in the diffusion equation, the change in the number
concentration of monomers [that is, oligomers of TEOS;
81,0, - ,(OC,Hs)y, 4 1] in the model is given by

N N. k N, N,
V'Dlv(”—l)“v'("‘*'um)(_l)_l’Z Bl,/"l’i
P p i=1 P p
N, N, Ny Xx10°
- pBl p T =+ T Tiner = 0, (28)

p P P

where D, N,y and r,,., are the diffusion coefficient (m?%/s)
of the monomer, Avogadro’s number, and the generation rate
of intermediates due to chemical reactions, respectively. 8 is

2.294[(ky/k ;) +2.20Kn]{1+ Kn[1.2+0.41exp (—0.88/Kn)]}

where the average volume of a particle is expressed as

M,

(32)

v, =

[N

where M, is the mass concentration of the average particle
(kg-particle/m?), P, is the density of the particle (kg/m>),
and v, is the volume of the single particle (m?).

Assuming that the particles are spherical, the average di-

ameter of the particles d, (m) is

6\ [ 6M, \**
()"  w
™ mpp N,

The coagulation coefficient of two particles of diameters d,

and d,, ; in Egs. 28 to 33 is given by the Fuchs mterpolatlon

formula (Fuchs, 1964). Thermophoretic velocity, u,, (m/s) is
expressed as (Talbot et al., 1980)
In

== Ky T), (34

(35)

T=

the Brownian coagulation rate function for two particles
(m3/s).

The number concentration of an /-mer, consisting of !/
monomers, is expressed as

N, N, 2l NN
VDNV — | -V(u+u, )| — |+ = pzﬁ, N eutes
P p i PP
k NN N, N
‘ !
~pL B, ———By——=0. (29)
j=1 p P p P

The number concentration of the monodispersed particle dis-
tribution is expressed as

N N
V-DPV(—p) ~V-(u+uth)(—p)
p p

1 k k
+‘2‘PZ ZBkH—]}
=1

i=1j

The mass concentration of the monodisperse particle distri-
bution is expressed as

1 k k
v DV( ) V(u—{—uth)( )+§PZ E k+in+1 i
p i=1j=1
Nk+t—1 J d NJNP
+ m;B ——=0 (31
p ]g TP p

AIChE Journal

Ceramics Processing 1997 Vol. 43, No. 11A

(1+3.438Kn)[1+2(ky/k ) +4.40Kn] ’

where m, K, kg, kp and Kn are the viscosity of the carrier
gas, the thermophoretic coefficient, the thermal conductivity
of carrier gas (WAm-K)) and particles (W/(m-K)), and the
Knudsen number, respectively. Because the thermal conduc-
tivity of the intermediates is unknown, we assume it is equal
to that of silica.

The number of clusters considered in the discrete regime
size k is 10. The model provides the same results when & = 20
indicates that more accurate results would not be obtained by
using a larger value of k. The number of TEOQS molecules in
a unit oligomer [that is, Si, 0, _;(OC,Hjs)y,, 1,] n was 2.

Figure 11a shows the number concentration of particles
generated at various temperatures. For the experimental
measurements, the initial ozone concentration was kept at
4.25%x107° mol/L and the TEOS concentration was set to
25, 50 and 100 ppm. The frequency factor k, , used in this
calculation was 1.0x10* LAmol-s). The correspondmg av-
erage particle diameter is shown in Figure 11b. The number
concentration and particle size are proportional to the TEOS
concentration. Numerical results for particle number concen-
trations agree well with the experimental results. A small dis-
agreement is seen at temperatures above 450 K. This de-
crease may result from particle deposition on the reactor walls
because the diffusion coefficient increases as the particle size
decreases. Calculated results for particle size, agree well with
experimental results at temperatures below 430 K, but do not
explain the reduction of measured particle size at higher
temperatures.

To probe the reduction of particle size at higher tempera-
tures, thermal desorption spectra (TDS) of the particles were
measured. The TDS apparatus (Denshi Kagaku Co. Litd,,
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Figure 11. Measured vs. calculated (a) number concen-
tration and (b) mean volume diameter of par-
ticles.

EMD-WA1000) has previously been used to measure out-
gassing from TEOS/O;-APCVD films. Particulate samples to
be analyzed by TDS were captured on Si wafers in the elec-
trostatic precipitator at the reactor outlet. The sample wafers
were transferred and placed into the TDS apparatus under a
N, atmosphere. The pressure in the TDS analysis chamber
was then reduced to 10~° torr so as to avoid contact with
atmospheric air. FT-IR spectra of the condensable material
collected in the liquid-nitrogen trap showed significant
amounts of the water (Adachi et al., 1995). The water in the
TDS spectra of the particles therefore came from particles
and not from atmospheric contamination.

Figure 12 shows TDS spectra for mass fragments with M/Z
of 18 (H,0) and 28 (C,H,) from particles generated at a
temperature of 423 K. In the spectrum for H,0, a primary
peak at 300°C and shouider at 500°C were observed. These
peaks suggest that H,O is produced from a hydroxyl group
(-OH) by a B-elimination reaction. Peaks of C,H, were ob-
served at 300°C and 530°C. The peak at 300°C is associated
with N, gas used during the TDS measurement. The peak at
530°C represents C,H, generated from the ethoxy group
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Figure 12. Thermal desorption spectra of H,0 and C,H,

for nanometer-size particles.

Ty =423 K, Crpos = 8.98% 107° mol/L (220 ppm), Co, =
8.01x 10 ™% mol/L (1,960 ppm), Q = 400 cm¥min, and Ry
=15 mm.

(C,H;0-). The emission of C,H, from the particles suggests
that the disagreement between the experimental and numeri-
cal results shown in Figure 11 was due, at least in part, to the
shrinkage of particles by B-elimination reactions of ethoxy
groups.

Conclusions

Continuity, momentum, and energy conservation equations
were solved simultaneously with the convective-diffusion
equations to simulate thermal decomposition of ozone in a
tube reactor. Good agreement between experimental and nu-
merical results validate the extension to flow reactors of the
well known mechanisms and rate constants for the thermal
decomposition of ozone obtained using batch reactors.

From measurements of particle generation at low tempera-
ture, the activation energy was obtained and was independ-
ent of the reactor diameter. This result suggests that particle
formation is not affected by surface reactions on the reactor
wall.

The aerosol general dynamic equations were solved to-
gether with expressions for the thermal decomposition of

AIChE Journal



ozone in a tube reactor. The numerical results agreed with
the experimental results for the particle number concentra-
tion. For particle size, the calculated results agree well with
experimental results at temperatures below 430 K, but do not
explain the reduction of measured particle size at higher
temperatures. Using TDS spectra, we conclude that the re-
duction of particle diameter at high temperature is due, at
least in part, to the shrinkage of particles by B-climination
reactions of the ethoxy group.
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Notation

m = mass of single particle, kg

m, = weight of gas molecule, kg

N=number concentration of particle, particles/m?
p = pressure of carrier gas, Pa

R = gas constant, 8.31 J/(mol-K)

AE, = activation energy, J/mol

= viscosity of carrier gas, Pa-s

7=shear stress, N/m?

Subscripts

i, j,{= cluster number in discrete size spectrum
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