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Secondary ion mass spectrometry was used to profile the diffusion of oxygen in polycrystalline
P-cristobalite and vitreous SiOz. The tracer concentration profiles of cristobalite are consistent
with a model based on two mechanisms: bulk and short-circuit diffusion. The profiles of partially
crystallized samples containing vitreous SiOa and /3cristobalite were fitted using the sum of two
complementary error functions and taking account of some interstitial-network exchange. The
bulk oxygen diffusivity, in the temperature range 1240-1500 “C, is about five times greater for
vitreous silica than for fl-cristobalite.
Vitreous silica (v-SiOz) is an important technological
material for use in dielectric thin films in integrated circuit
devices and for optical elements. For this reason, numerous
oxygen diffusion studies have been performed on both bulk
v-SiOz (Refs. l-7) and thermal oxide.8-‘7 An excellent review of oxygen mobility in silicon dioxide has been recently
published by Lamkin et al. t All these studies have been
made at relatively low temperatures T< 1300 “C, so no devitrification of the oxide occurred.
Oxygen mobility in vitreous or crystalline silica can
occur, in principle, by two basic ways:15 (a) molecular
oxygen permeation through the channels of open space
available in these structures, or (b) oxygen self-diffusion
through the network of bonded oxygens by making use of
point defects. The possibility also exists that these two oxygen transport processes become interlinked by the internal exchange between the molecular oxygen interstitials
and the network oxygen.
Williams’ and Sucov4 performed oxygen diffusion coefficient measurements in v-SiOz samples. The methods
used were to follow the tracer uptake by the sample and
tracer loss from the atmosphere, respectively. Although
they reported similar diffusivity values at around 1000 “C,
their activation energies differed greatly (1.25 and 3.09
eV), with very large differences in the preexponential factors. In the same temperature range Haul and Dumbgen,3
using the rate uptake method, found somewhat lower diffusivities with an activation energy of 2.43 eV. All these
authors assumed that a single defect species was responsible for diffusion.
Cawley et al. I3 and Han and Helms* carried out double
oxidation experiments in the range 960-1000 “C using secondary ion mass spectrometry (SIMS) to analyze tracer
concentration. They found two mechanisms responsible for
oxygen diffusion: interstitial molecular oxygen which exchange with the network and network oxygen diffusion.
*)Permanent address: Fisica de Materiales, Departamento de Ffsica, Universidad Authoma de Barcelona, 08 193 Bellaterra, Spain.

Cawley and Boyce9 performed similar experiments in the
range 900-1200 “C and confirmed the existence of networkinterstitial exchange which is a function of temperature.
Kalen et al5 used SIMS to profile I80 tracer concentration in bulk vitreous silica and assumed two independent diffusion processes: network and interstitial. The activation energy corresponding to network oxygen diffusion
was found to be 1.48 eV/atoms with a preexponential factor of 5.54X 10-r’ cm2 s-i.
Oxygen self-diffusion in the absence of gaseous oxygen
has been measured by Mikkelsen” using a Si’602-Si’802
thin film couple sandwich of thermal oxide. He also used
SIMS to profile 180 distribution. He found diffusivities several orders of magnitude below the tracer uptake data and
an activation energy of 4.7 eV/atoms with a preexponential
factor of 2.6 cm2 s-l.
All these studies were concerned with v-Si02. However, to date there have not been direct measurements of
oxygen diffusion in cristobalite. Nevertheless, some oxidation experimentslG18 have given indirect .evidence about
the lower diffusivity value of oxygen in cristobalite. Oxygen’
self-diffusion experiments in quartz3”9P20 and tridymite,25
although the scatter in the data also show that the rates of
oxygen diffusion in crystalline silicon dioxide are slower
than in silica glasses.
In this study we use SIMS to profile the oxygen tracer
concentration through either cristobalite or partially crystallized Si02 samples. The original samples used were lowwater content, high-purity vitreous silica with impurities in
ppm by weight: Al, 25; Li,l; Ca, 1; Ti, 0.8; Fe, 0.5; Na, 0.5;
K, 0.5; Mg, Ni, Cu, Zn<O.l.
Since single crystals of cristobalite are unavailable only
polycrystalline cristobalite was studied. It was formed by
crystallization of vitreous silica.
In the diffusion experiments all starting samples (uSiO, and/or polycrystalline cristobalite) were first preannealed in a high purity ( < 5 ppm H,O) oxygen-16 atmosphere during at least 15 h at the same temperature as the
diffusion treatment which follow straight afterwards. The
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diffusion treatments were carried out by the gas-solid isotope exchange method using ‘*O enriched gas at pressures
B=22 and 44 kPa in the temperature range 1240-1500 “C.
The preannealing time, more than 15 h at each temperature was long enough to reach thermodynamic equilibrium and to avoid any significant crystallization during
the diffusion process, which lasts less than 3 h. Silica
reaches a steady-state crystalline/amorphous
ratio after
some hours of heating depending on temperature.27 This
fact has been confirmed by x-ray diffraction analysis of the
samples.
When the diffusion experiments were carried out at
temperatures ~1400 “C! two kind of samples were taken:
(a) u-SiO, samples, and (b) polycrystalline cristobalite
which has been produced by previous crystallization of
vitreous silica at temperatures near 1500 “C for 20 h. In
this case, the polymorphic a: =/3 transformation at 270 “C
leads to cracking of the samples when cooling down to
room temperature. The average distance between cracks is
~30 pm, and the grain size: 20-25 ,um.
At T> 1450 “C only initially v-SiO, samples were taken
because they crystallized almost completely in cristobalite
during the preannealing period.
After the experiments, samples were analyzed by x-ray
diffraction, scanning electron microscopy, and SIMS.
SIMS measurements were performed on a CAMECA IMS
3fspectrometer using a Cs+ primary ion beam current of
200 nA or on an ATOMIKA
A-DIDA 3000-30 ion microprobe using an Ar f primary ion beam current of 500
nA rastered over a 300-600 pm”. All data were collected
from the central 60 to 200 pm2 region to avoid edge effects.
Samples were Au coated to improve the leakage of accumulated surface charging. Moreover a focused electron
gun provided charge neutralization of the sputtered surface
during protiling. Three masses were simultaneously profiled: I60 180, and z8B29Si.The SIMS crater depth was
measured’by means of a Talystep roughness meter.
The concentration of oxygen- 18 is obtained by dividing
the oxygen-18 signal by the sum of the two oxygen signals.
The concentration-penetration
curves corresponding to
polycrystalline cristobalite samples (continuous line in Fig.
2) plotted from the SIMS proflles exhibit two different
parts: A steep decrease of 180 concentration for short penetrations followed by a tail. It can be deduced from these
plots that two mechanisms are involved: a bulk diffusion
mechanism and a short-circuit
(grain boundaries or
cracks) mechanism.
This kind of profile can be indeed fitted using the
Whipple solution as has already been discussed by Saal
et aI.
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The fitting parameters of this solution are D, and DC,
the bulk and short-circuit diffusion coefficients, respectively; C,, the constant surface concentration; a,, the
short-circuit width and 2L the distance between short circuits (in noncracked polycrystals this normally corresponds to the grain size and in the cracked samples to the
average distance between cracks). We also have taken into
account the natural abundance of 180 (0.2%).
The integral of Eq. (1) has been solved numerically
using the trapezoidal rule and the Romberg interpolation
method. In Fig. 1 we can see the best fitting of the experimental data using the Whipple solution. The validity of
this solution has been confirmed from scanning electron
microscopy measurements of the average grain size of the
samples (20-25 ,um> and of the average distance between
cracks (30 pm).
The concentration-penetration curves of partially crystallized SiO, cannot be fitted using the Whipple solution.
The presence of two phases suggests to us the sum of two
complementary error functions, as previously proposed in
Refs. 23, 24.
The profiles can be fitted using the solution
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where Co is the natural abundance of the tracer. The parameter -4, gives the contribution of the different diffusion
coefficients to the tracer profile. The exponential term is a
factor allowing for some interstitial-network exchange in
the oxide ( y -+ network-interstitial coefficient), as defined
by Kalen et aI.’
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FIG. 1. Comparison between the ‘*O experimental profile for a polycrystalline P-cristobalite sample and that calculated using the Whipple
solution (Ref. CR1240).
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FIG. 2. Comparison between the I80 experimental protlle of a partially
crystallized SiOx sample annealed in an “0 enriched atmosphere at
T=1330%
and that calculated using two complementary error
functions.

A characteristic depth profile for the partially crystallized material is shown in Fig. 2. Equation (2) fits the
profile very well. It is important to notice the low contribution of interstitial-network
isotope exchange to the
tracer profile, which can be seen from the low concentration level of the tail. In fact neglecting this phenomena
would result in an overestimation of the diffusion coefficient by only a factor -2-3.
Oxygen diffusion is slower in /3-cristobalite than in vitreous silica. The bulk cristobalite data can be represented
by D,, = 5.6 cm2 s-‘~exp( -4.45 eV/kT),
whereas the
amorphous by D,, = 1.1 X 10-2cm2s-‘Xexp(-3.4eV/
kT) . The activation energy for diffusion can be considered
as the sum of an enthalpy of formation and an enthalpy of
migration of diffusing species (interstitials, vacancies,
etc.). An estimate of the enthalpy of formation of a dissociated interstitial oxygen atom and its vacancy in the SiO,
network gives a net value of 4.4 eV.” The enthalpy of
migration must only be a small part of this quantity.
A similar value for the diffusivity of ionic oxygen
through oxygen vacancies in the SiOZ network, has been
proposed by Sucov,’ taking account of the values of NaraySzabo.26 These data agree well with the activation energy
for diffusion obtained here in cristobalite.
Our diffusivity data on v-%0,? is at the high side of the
body of preexisting data. A direct comparison is difficult
due to the large scatter in the published activation energy
values. For pure network self-diffusion, Kalen et al. obtained an activation energy value of 1.48 eV/atoms while
Mikkelsen 4.7 eV/atoms. An empirical method for comparing independently determined kinetic data is to plot the
logarithm of the preexponential factor as a function of the
activation energy. In such a plot our data lie between the
data obtained from permeation-assisted oxygen selfdiffusion in silica glass2-4,6and the data for pure network
self-diffusion.‘.” Anyway, the limited temperature range
analyzed for diffusion in vitreous silica does not allow us to
have much confidence in the activation energy value obtained.
With regard to the bulk oxygen diffusivity values obtained in P-cristobalite there is no self-diffusion data avail-

able. If we compare our data to those obtained from oxidation experiments, “*l* in a log D, vs L!.H plot, our results
agree with them.
Moreover, the diffusivity data obtained in the present
work (in u-SiOa and cristobalite) have been successfully
used to describe the oxidation kinetics of Sic through a
model which takes into account the crystallinity of the
oxide layer and the existence of two diffusional paths (interstitial and network) as a function of temperature.“7
What is clear from this work is that network oxygen
diffusion in vitreous silica is faster than in &cristobalite.
The difference of the bulk diffusivity
values in
P-cristobalite and u-SiOZ must be related to the local order
of these materials. Actually, we can suppose that a small
variation in the Si-0-Si angle between tetrahedra in
fi-cristobalite and v-SiOZ may induce a change either in the
defect formation enthalpy or entropy. These changes could
produce the difference in the diffusivity values. A better
knowledge about the structure and the diffusion coefficients must be provided to clarify this problem.
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