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Oxygen Exchange at the Internal Surface of Amorphous SiO, Studied
by Photoluminescence of Isotopically Labeled Oxygen Molecules
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The exchange between lattice and interstitial oxygen species in an oxide was studied by the '°0-130
isotope shift of the a'A,(v =0) — X3, (v =1) infrared photoluminescence band of the oxygen
molecules (O,) incorporated into the interstitial voids of amorphous SiO, (a-Si0O,) by thermal annealing
in 180, gas. A large site to site variation of the oxygen exchange rate, originating from structural disorder
of a-Si0,, is found. The average exchange rate has an activation energy of ~2 eV, which is much larger
than that for the diffusion of interstitial O, (~0.8-1.2 eV). The average exchange-free diffusion length of
interstitial O, exceeds ~1 um below 900 °C, providing definite evidence that oxygen diffuses as

interstitial molecules in a-Si0,.
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Various properties of oxides relevant to practical appli-
cations, such as electrical and ionic conductivity, optical
transparency, and catalytic activity, are closely related to
the oxygen transfer between the oxides themselves and am-
bient oxygen molecules (O,). The interaction of O, with
oxide surfaces has been studied extensively [1-3].
Amorphous SiO, (a-Si0,) is unique among oxides due
to its low density and interstitial voids which may be
treated as ““internal surfaces.” The oxygen transfer occur-
ring at the internal surfaces between the molecules in a
““quasigas phase” and the surrounding lattice oxygen in the
a-Si0, network is of fundamental interest because it is
intrinsic, that is, unaffected by passivated dangling bonds
and adatoms covering the outer surfaces. Moreover, the
diffusion of interstitial O, in a-SiO, is technologically
important as it is a key step in growing dielectric a-SiO,
films on silicon microelectronic circuits [4,5]. It is consid-
ered that interstitial O, diffuses without significant ex-
change with the surrounding a-SiO, network [6-10];
however, some oxygen exchange has been found to occur
[11-13]. The details have remained uncertain primarily
because the concentration of interstitial O, is several orders
of magnitude smaller than that of the background oxygen
network atoms, and at the time of these studies, experi-
mental techniques that are able to distinguish interstitial O,
from the background were absent.

Oxygen molecules dissolved in solids and liquids can be
selectively detected via their characteristic infrared (IR)
photoluminescence (PL) due to the transition from the first
singlet excited state a' A, to the triplet ground state X>3
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of O, (pure electronic band, PEB) [14,15]. This method has
been useful in the study of the diffusion and reactions of O,
in a-Si0, [16-18]. We demonstrate here that the oxygen
exchange between interstitial O, and the a-SiO, network is
quantitatively studied by combining the PL. method with an
isotope labeling technique. Since the shape and peak po-
sition of PEB are insensitive to isotopic substitution [19],
the isotopologues of interstitial O, are distinguished using
the PL band due to the transition from the a state to the first
vibronic level of the X state X33 (v = 1) (vibrational
sideband, VSB), which is much weaker than PEB but
undergoes a strong isotope shift.

High-purity synthetic a-SiO, specimens (10 X 6.5 X
0.4-0.5 mm? with two optically polished faces) containing
~2 X 10"® cm™3 SiOH groups were sealed in an SiOH-
free (SiOH =< 10'7 cm™?) silica tubes with 80, (**0 iso-
topic purity =99%) or 10, gas of 0.9 atm at room tem-
perature. The sealed silica tube, each containing eight
specimens, were thermally annealed between 500 and
900 °C. Before and after the thermal annealing, the iso-
topic composition of O, gas in the silica tube was moni-
tored by conventional Raman spectrometry [20] and was
nearly unchanged [21]. The O,-loaded samples were taken
out of the tube, and the PL bands were excited at 765 nm
using an AlGaAs laser diode (~1.5 W at the sample posi-
tion) via the forbidden transition to the second singlet
excited state '3} of interstitial O,. Since VSB is very
weak, the eight specimens were stacked to facilitate the
detection. The sample stack was irradiated normal to the
polished face and the backscattered PL emission was re-
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corded by a Fourier-transform IR Raman spectrometer
(Model 960, Nicolet). The PL time decay curves were
also measured (technique is described in Ref. [22]) to
evaluate the possible variation in the PL quantum yield
with the isotopic substitution.

Figure 1 shows PL spectra for samples thermally an-
nealed in '°0, or '80,. The '°0, loading was performed
for 72 h at 700 °C, whereas the 130, loading was done with
a shorter time at lower temperature (12 h at 500 °C) to
maximize 'O fraction in interstitial O,. The spectra were
normalized to the intensity of PEB at ~7855 cm™!
[15,23], showing a negligible shift upon '#O substitution.
VSB of interstitial '°0, PL was observed at vgs =
6308 cm ™!, and the band shape was simulated well with
a pseudo Voigt function. In the '*0,-loaded sample, VSB
was shifted to a higher energy side along with a ~20%
increase in the normalized amplitude. This band is mainly
due to interstitial 80, because the peak position agrees
well with that expected from the atomic mass ratio between
160 and 80 and the PEB and VSB positions of interstitial
160, (ve3 =~ 6352 cm™! for 1°0'80 and vgg ~ 6397 cm™!
for 180,). However, its shape was slightly asymmetric due
to small amounts of '°0'80 and '°0, formed by oxygen
exchange with the a-SiO, network. The observed spectrum
was decomposed into three VSBs of '°0,, 1°0'30, and
180, to evaluate the respective isotopic fractions fg, fes,
and fgg (fes + fes T fsgs = 1) as follows. The peak posi-
tions of VSBs were fixed at vgq, Vg3, and vgg. The peak
amplitude and width of '¥O, VSB as well as fgs and fgg
were treated as variables. The peak amplitude and width of
160180 VSB were assumed to be given by linear interpo-
lations of those of '°0, and 80, VSBs. This procedure
confirmed the high '80 purity (fgs + fes/2 ~ 0.97) of O,
in the '80,-loaded sample and determined the peak pa-
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FIG. 1. PL spectra of interstitial O, in samples thermally

annealed in '°O, for 72 h at 700°C or 80, for 12 h at
500 °C. Schematic diagram of interstitial O, energy levels is
also shown. The spectra were normalized to the amplitude of the
pure electronic band (PEB) at ~7855 cm™!. The vibrational
sideband (VSB) appears at ~6300-6400 cm™!. Small peaks
located between 6500 and 7500 cm ™! are due to interactions
with phonons of the a-SiO, network.

rameters of VSBs of interstitial '#0, and 08O that are
needed for the following concentration analysis based on
VSBs.

Figure 2 shows the VSB spectra for the samples ther-
mally annealed at 700 °C in '°O, or 80, for up to 72 h.
The spectra of the '80,-loaded samples clearly consisted of
three VSBs of interstitial 1°0,, '0'#0, and '80,. The 80
fraction of interstitial O, (fsg + fes/2) decreased mono-
tonically with an increase in annealing time, confirming
the transfer of 1°O from the a-SiO, network to interstitial
O,. Figure 3 summarizes variation of f¢s and fgg with time
and temperature of 80, loading. f¢ and fgg evaluated by
peak decomposition of the VSB spectra are denoted as
filled symbols.

The total concentration of interstitial O,, C7, was deter-
mined by comparing the PEB intensity with that of a
reference sample of known interstitial '°0, concentration
[18]. The PL quantum yield of PEB is proportional to the
decay constant 7 [22], and 7 and 7gg were found to be
~1.7 and ~2.5 times larger than 7, respectively. This
uneven PL quantum yield was corrected by multiplying the
PEB intensity with the factor 7eq/(fesTes + fosTos T
f337sg). The O, concentrations evaluated with this proce-
dure agree with those calculated from the Arrhenius rela-
tions of the solubility S and diffusion coefficient D
determined from measurements above 800°C [17,18].
Thus, the Arrhenius relations were used to produce D, S,
and Cr values in the following numerical simulation of the
oxygen exchange.

The exchange of an interstitial O, molecule with the
a-Si10, network may be a reversible second order reaction,
transferring only an oxygen atom in each exchange event
[11,24],

BOBO + =Si-190-Si= = 19080 + =Si-180-Si=,

(1
160180 + =8§i-10-Si= = %00 + =Si-180-Si=.
(2)
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FIG. 2. Experimental and simulated VSB spectra normalized
to the PEB amplitude for samples thermally annealed at 700 °C
in 16O2 or 1802.
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FIG. 3. Variation of the fractions of (a) interstitial 16O2 and
(b) 180, (fes and fgg, respectively) with time and temperature of
the thermal annealing in '30, gas. The filled symbols were
derived by peak decomposition of VSB under the restriction
condition fgs + fes + f3s = 1. The solid and dashed lines were
drawn by directly simulating the VSB spectra from the solutions
of the rate equations Eq. (3)—(6). The simulation was performed
both with and without considering the distribution in the ex-
change rate constant k. The error bars represent the experimental
uncertainties.

We defined the exchange rate constant of Eq. (1) forward
and Eq. (2) backward reactions as k. Then the rate constant
of the Eq. (1) backward and Eq. (2) forward reactions
apparently becomes k/2 as only one oxygen atom in
160130 contributes to these reactions. k may be affected
by the local configuration of the glass network, which
differs from site to site due to the variation in the Si-O-Si
angle and the local network topology [25,26]. We assumed
that the network oxygen atoms have nonequal exchange
rates k with a Gaussian probability distribution against
logk [27], and each k has an Arrhenius-type dependence
on the absolute annealing temperature 7 with common
preexponential rate constant. This distribution was ap-
proximated by a finite number i of components [28],
each having exchange rate k;. The concentrations of the
network 'O and '#0 atoms for the component i (N; and
N7) were normalized by the total concentration as N7 =
> (N; + N7) = 4.41 X 10*2 cm 3 [29]. The temporal and
spatial variations of interstitial '°0,, 080, and '80,
concentrations (C, C*, and C** where CT = C + C* +

C*™) were calculated by numerically solving following
simultaneous one-dimensional diffusion-exchange equa-
tions.

aCT (92CT
& =p——, 3
ot ax? ©)
92C
‘Zf =D° 5+ 3k ( N, - CN*) )
& + Yk —C*N; +—N* e
o Z 5 (5)
* aN; Cc* Cc*
OND o k( N, + C*N, — CN* — = N)
ot ot 2

(6)

VSB spectra (Fig. 2, solid lines) were calculated from the
solutions and fitted to the observed spectra. A boundary
condition was set as CT = C** = 0.9ST /298 at the sample
surfaces, taking into account that (i) solubility of O, de-
pends linearly on the O, pressure inside the silica tube
[17,30], which is roughly proportional to 7, (ii) dissolution
of O, is much faster than the subsequent diffusion of
interstitial O, [16,17], and (iii) the 'O fraction of O, gas
in the tube remained close to 1 during the thermal
annealing.

As shown in Fig. 3, the solutions of the rate equations
Egs. (3)—(6) (solid lines) agreed well with the experimental
variation of fgs and fgg (filled symbols) when &k is distrib-
uted; it was not possible to obtain a good fit using a single k
value. The full width at half maximum of the distribution
of logk was ~9.7 at 500 °C and ~6.4 at 900 °C, indicating
that a part of network oxygen atoms are much more
reactive than the remaining network oxygen atoms.
These more reactive sites easily release '°0O and enhance
the formation of interstitial '°0'80 and '°0, in an early
stage of the oxygen loading. Later in the reaction, however,
such sites have been occupied by 3O while the remaining
sites release '°0O more gradually, slowing the increase in
fe6 and feg.

The average exchange rate constant k, for systems with
a k distribution may be represented by the simple weighted
average of k; as k, = > ;k;(N; + N?)/Ny. Figure 4 shows
the dependence of k, on T, where k, ranged from ~10~28
to ~1072% cm3 s~ ! according to the change in T between
500 and 900 °C. The activation energy for k,, which may
be given by assuming a linear relation between logk, and
T~!, was ~2.1 eV. Secondary ion mass spectroscopy
profiling studies have reported similar values (~2.6 [12]
and ~1.7 eV [13]), although they assumed first-order ex-
change reactions. These values are larger than the activa-
tion energy for the permeation of interstitial O, in a-SiO,
(~0.8-1.2 eV [17,30,31]), suggesting that the oxygen ex-
change is not the bottleneck for the permeation. In con-
trast, they are much smaller than the energies of the O-O
bond in O, (~5.1 eV), and Si-O bond (~4.7 eV), and the
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FIG. 4. Temperature dependence of the average exchange rate
constant k, and the average exchange-free diffusion length / of
an interstitial O, molecule [Eq. (7)]. The error bars represent the
experimental uncertainties.

activation energy for the viscous flow of a-SiO,
(~5-7 eV [32-34]) that is required for network rearrange-
ment. Thus, the observed activation energy may corre-
spond to the energy needed to form an activation
complex during the oxygen exchange.

The average time interval of the oxygen exchange for an
interstitial O, molecule may be given by (k,NT)~!, yield-
ing ~3 X 10° s at 500 °C and ~6 s at 900 °C. Using this
value, the average exchange-free diffusion length [/ of an
interstitial O, molecule in one dimension may be calcu-

lated by
[ = Z(Dt)l/z B 2( D )1/2 N
T wk,NT)

Calculated [ values are plotted in Fig. 4; they were
~40 pm at 500 °C and ~2 pm at 900 °C, demonstrating
that [ is far larger than the scale of the ring and cage
structures of the a-SiO, network (~1 nm [26,29]).

In summary, we developed a photoluminescence tech-
nique to quantitatively study '®O-labeled interstitial O, in
amorphous SiO,, which offers a direct way to investigate
their property and intrinsic reactivity. The obtained results
provide insight into interactions of O, with oxides.
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