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Amorphous SiO, (a-SiO,) thermally annealed in an oxygen atmosphere incorporates oxygen molecules
(0,) in interstitial voids. When the thermal annealing is performed in '®0, gas, interstitial '*0, as well as
interstitial '®0'80 and '°0, are formed due to the oxygen exchange with the a-SiO, network. The a' A (v =
0) — X3 2, (v =1) infrared photoluminescence band of interstitial O, was utilized to quantitatively analyze the
oxygen exchange, taking into account the influences of common network modifiers in synthetic a-SiO, (SiOH,
SiF, and SiCl groups). The presence of network modifiers does not significantly change the average rate of
180 transfer from interstitial O, to the a-SiO, network and its activation energy, suggesting that the network
modifiers themselves do not serve as preferential oxygen exchange sites. When the concentration of SiOH groups
is low, the oxygen exchange rate is distributed, indicating that only a small part of the network oxygen atoms
participates in the oxygen exchange. However, the distribution of the oxygen exchange rate is distinctly narrow
in the sample with high SiOH concentration. It is attributed to the redistribution of the network 'O atoms and
the modification of the a-SiO, network topology caused by reactions with mobile interstitial water molecules,
which are transiently formed by dehydroxylation of paired SiOH groups. The activation energy for the average
oxygen exchange rate is larger than that of the permeation of interstitial O, in a-SiO,. Furthermore, the average
exchange-free diffusion length of interstitial O, below 900 °C (21 ;m) is far larger than the scale of the interstitial
voids in a-SiO; (<1 nm). These observations confirm that the oxygen exchange is not necessarily involved in

the permeation of interstitial O,.
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I. INTRODUCTION

The growth kinetics and mechanisms of amorphous SiO,
(a-Si0,) on silicon by thermal oxidation have been extensively
studied to improve the electronic properties of a-SiO, films, in
particular, ultrathin gate-dielectric layers' required to further
scale down the silicon-based microelectronic circuits. A key
step in growing a-Si0; is oxygen transport to the silicon-oxide
interface, which is governed by the permeation of interstitial
oxygen molecules (O,) dissolved in interstices of an a-SiO;
network.>* It is generally considered that interstitial O,
permeates through the interstices without strongly interacting
with the a-SiO, network.*7 On the other hand, observations
by secondary ion mass spectroscopy (SIMS)**'* and nuclear
reaction analysis (NRA)'3~1 of 180,-treated a-SiO, on silicon
have confirmed the incorporation of 180 in the a-SiO, network,
indicating that interstitial O, does replace network oxygen
atoms in a-SiO,. However, both SIMS and NRA are insensitive
to the oxygen bonding states and are therefore incapable
of detecting interstitial O, on the background of network
oxygens that is several orders-of-magnitude stronger. In addi-
tion, incorporation of 30 from '80-labeled water molecules,
inadvertently generated by reactions between ambient 30,
gas and trace water in it, complicates the analysis of SIMS and
NRA data. Indeed, 80 profiles observed by SIMS and NRA
near the sample surface are most likely formed by reactions
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involving interstitial water molecules, rather than by the simple
incorporation of '80 from interstitial O, and self-diffusion of
180-labeled network oxygen atoms.%!” Thus, a reliable study
of oxygen exchange between interstitial O, and the network
oxygen atoms in a-SiO, has remained a formidable task.

We developed a photoluminescence (PL) technique to
study diffusion and reactions of interstitial O, in a-Si05.'3
Figure 1 shows a PL spectrum of interstitial O, excited via
the transition from the ground state X3 T, (v=0) to the
second singlet excited state b' £} (v = 0) at 765 nm."” This
excitation induces two PL bands associated with transitions
from the first excited singlet state alAg(v = 0): an intense
PL band at ~7855 cm™! attributed to the transition to the
X 32;(1) = 0) state (pure electronic band, PEB), and a much
weaker PL band at ~6308 cm~! due to the transition to the
first vibronic level of the X state X Eg‘(v = 1) (vibrational
sideband, VSB).!° The PEB is negligibly shifted by oxygen
isotopic substitution, whereas the VSB is coupled to the O-O
stretching mode of O, and exhibits a large isotope shift. Thus,
isotopic composition of interstitial O, can be determined from
the shape of the VSB spectrum. In the preceding paper,”° we
show that this PL technique provides direct information on
the oxygen exchange between interstitial O, and the network
oxygen atoms in a-SiO,. The purpose of the present paper
is to examine contributions of common network modifiers
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FIG. 1. A PL spectrum of an O,-rich LowOH sample pre-
pared by thermal annealing in '°0,. Vibrational sideband (VSB)
at ~6300 cm~! is sensitive to the isotopic composition of
interstitial O,.

(SiOH, SiF, and SiCl groups) in synthetic a-SiO; to the oxygen
exchange. Based on the results, the influence of trace water
impurities on the oxygen exchange will be discussed.

II. EXPERIMENTAL PROCEDURE

A. Sample preparation and measurements

Three types of synthetic a-SiO, samples were used:
“LowOH” (SiOH, ~2 x 10'® cm~3), “HighOH” (SiOH, ~1 x
10 cm™3; SiCl, ~5 x 10'® cm~3), and “F-doped” (SiOH,
~1-2 x 10" cm™3; SiF, ~1.4 x 10! cm™3). They were cut
into specimens in the form of 10 x 6.5 x 0.4—0.5 mm? and
the two largest faces were polished to an optical finish. These
specimens were sealed in an SiOH-free silica tube (SiOH
<10'7 cm™3, ~10 cm long, ~12 mm inner diameter, and
~1.2 mm thick) with 80, (O isotopic purity >99%) or '°0,
gas of 0.9 atm at room temperature. The sealed silica tubes,
each containing eight equivalent specimens, were thermally
annealed between 500 and 900 °C to incorporate '80-labeled
interstitial O, into the specimens. The isotopic composition of
O, gas in the silica tube was monitored before and after the
thermal annealing by a self-made Raman spectrometer.?! After
the thermal annealing, the specimens were taken out from the
tube and the PL spectra were measured by a Fourier-transform
Raman spectrometer (Model 960, Nicolet) with a spectral
resolution of 8 cm~! under excitation at 765 nm with an
AlGaAs laser diode (spectral linewidth ~2 nm, ~1.5 W at
sample position). The specimens were irradiated normal to
the polished face and the backscattered PL emission was
recorded. The VSB spectra, which have a very weak intensity
(Fig. 1), were measured using stacks of the eight equivalent
specimens. On the other hand, the relative PEB intensity was
measured using a single specimen to minimize uncertainties
due to surface reflection.

The thickness average of the total concentration of intersti-
tial O,, CaT , in the O;-loaded specimens was evaluated by
comparing the relative PEB intensity with that of a refer-
ence sample of a known interstitial '°0, concentration.'3>
However, a correction due to changing fractions of interstitial
160,, 160130, and 30, ( fis, fes, and fgs, respectively, where
fos + fos + fas = 1) is necessary, since PL decay constant
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increases in the order of interstitial '°O,, 0!30, and 80,
(T66 < Tes < Ts3), and t is proportional to the PL quantum
yield of the PEB.?* Thus, the variation of the “effective” PL
quantum yield with the fractions of '80-labeled interstitial O,
was accounted for by multiplying the observed PEB intensity
by a factor fesTes/(fe6Te6 + fesTes + fesTss)- fes. fog, and
fss were evaluated by simple peak decomposition of the VSB
spectrum using three pseudo-Voigt peak functions with peak
parameters that were predetermined, as described in Refs. 20
and 23. The PL decay curves of the PEB were measured using
stacks of the eight specimens. The details of the measurement
and data analysis are reported in Refs. 23 and 24. Briefly,
T values were evaluated by fitting the observed normalized
PL decay curve to a linear combination of three stretched
exponential functions,

Lom() =Y fiexp[—(t/w)"]. (1)

i=66,68,88

The stretched exponent 8 and 146 were fixed to the values
determined for an '80-free sample, and teg and tgg were
treated as variables. The most probable t¢s and tgg values
were calculated by taking their averages for all samples using
fes and fgg of each sample as the weighting values.

B. Data analysis

We assumed that network oxygen atoms exchange only
with interstitial O,, that in each exchange event only one of
two oxygen atoms in an O, molecule is replaced, and that
the exchange is characterized by a second-order rate constant
k. Self-diffusion of network oxygen atoms*?> was neglected
because it is very slow. Other reactions to redistribute network
oxygen, e.g., reactions caused by residual water,®!” were not
considered explicitly. Thus, exchange involving 0 may be
described as?%’

0180 + =Si—'°0—Si= 2 '°0"%0 + =Si—"*0—Si=,
2

160180 4+ =Si—'°0—Si= 2 '°0'°0 + =Si—'30—Si=.
(3)

The rate constants for the Eq. (2) forward and Eq. (3) backward
reactions are k. However, the rate constants for the Eq. (2)
backward and Eq. (3) forward reactions should apparently be
k/2 because the exchange between the same oxygen isotopes
is not detectable. It is most likely that k is a function of the
configuration of the network oxygen atom, such as the local
network topology around it and the Si—O-Si angle. Thus, k
may be different from site to site in a-SiO; due to the structural
disorder. The corresponding k distribution was considered by
simply assuming a Gaussian distribution of activation energy
for k. This is equivalent to the condition that the fraction of the
network oxygen atoms associated with k follows a Gaussian
distribution function g against log k as follows:

1 log k — 10€ ke \ >
g(logh) = — exp [_ (M) ]
CTT C
h - v 4
where Cc = 2(11’12)1/2’ ( )
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and where w denotes the full width at half maximum (FWHM)
of the distribution in a decimal logarithmic scale.”® The
distribution was approximated by a set of 2/ + 1 discrete
components separated by a constant step in log k space, and
defined by

iRc
log ki — 10g kpeak = Ta (5)

where i and [ are integers satisfying |i|=1, and R is the
integration range of the distribution. We employed / = 15 and
R =4 in this study, and confirmed that further increase in
these values did not change the results. The concentration of
the network oxygen atom in component i, N/, is given by

r_ _8logk) r
b Y iglloghk)

where NT = Y. NT is the total concentration of the network
oxygen atom (4.41 x 10> cm™3)."7 It was assumed that
w is inversely proportional to the absolute temperature 7,
indicating that the distribution of the activation energy for k
is independent of T.”® However, explicit correlation between
T and kpeak = ki—o, such as the Arrhenius-type dependence of
kpeak on T', was not postulated.

The concentration profiles of interstitial '°0,, °0Q'80,
and 80, [C(x,t), C*(x,t), and C**(x,t), respectively] were
calculated by solving simultaneous rate equations for one-
dimensional diffusion and exchange reactions in a plane sheet
(thickness L) occupying the region —L/2=x =L/2,

6)

aC 3%C 1
—=D— ki| =C*N; — CN; ), 7
L SR CLATR I N
aC* 3*C*
= D—
ot 0x?

1 * Kk * l * AT
+Zki<—§C Ni+C™Ni+CN; = 5C N,.>, (8)

dC** 92C** 1
=D kil —C*™N;+ =C*N* ), 9
=Dt k(- gen). o
where D denotes the diffusion coefficient of interstitial
O, in a-Si0,. The combination of Eqs. (7)—(9) yields the
diffusion equation for the total concentration of interstitial O,,
CT(x,t) = C + C* + C*,
acT 9*CT
or ox?
The rate equation for the network 160 and 80 atoms belonging
to the component i [N;(x,t) and N/(x,t) = Nl.T — N;i(x,1),
respectively] is expressed by
ON} 0N (1

———L =k
dt ot 2

(10)

1
C*N; + C™N; — CN} — EC*N,.*>

1
s [CTNi - 50C+ c*)N,-T}
1
= —k |:CTNi* - 5(26** + C*)NiT]. (11)

Substitution of Eq. (11) into Egs. (7)—(9) yields rate equations
for the concentrations of '°O or 30 atoms in interstitial O,
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and the a-SiO, network,
92C+C* 022C +C*)
ot - 9x2
1
k| CTN;, — —2C + CHNT|, (12
+Z [ 5(2C +C) ] (12)

1

02C™ +C*) _ a*2C™ + )
ot B 9x>

1
+> ki [CTNi* —5QC"+ C*NT } (13)

These equations are rewritten to k;-free forms,

92C+C*) Daz(zc +C* 8N
ar - 9x2 ar’

(14)

02C™ +C*) D82(2C** +C*) OJN*

ot 9x? ar ’ (15)
where N(x,r) =), Ni(x,t) and N*(x,r) =), N(x,1) =
NT — N(x,t) denote the total concentrations of the network
160 and '80 atoms, respectively.

The average oxygen exchange rate may be given by the
weighted average of k; as

NT
ko= kink (16)

However, k, cannot be easily related to experimental ob-
servations. As defined by Eq. (16), it is independent of
x and 7. In contrast, the observable, “effective” exchange
rate ke must depend on x and ¢, since the subset of sites
characterized by faster exchange rates k; and located at some
arbitrary position x will approach the equilibrium condition
Ni*(x,t)/NiT = [C*(x,1)/2 + C**(x,1)]/CT(x,t) earlier than
sites having smaller k; values, resulting in a gradual decrease
in the effective exchange rate. It may be defined by Eq. (17),
which can be regarded as the sum of Eq. (11) for all i
components,

IN* oN I . . P RS-
ot ot 2 2

1
= keﬁ[z(zc** + CHNT — CTN*] 17)

At t =0, keg(x,t) is equal to k, at all x values because
C=C*=0,N*=0,and N = NTinEq. (17). The thickness
average of ke, kefr (1), may be defined using a functional A(z),

1 L2
h(z) = Z/ 2z(x,t)dx = za(2), (18)

Ly
and Eq. (17) as

IN* 1 sk * T T a7*

h a7 = Kkefr ah E(ZC +C N —C ' N*|, (19
IN;
at

where the subscripts a for C and N denote their thickness
averages. The difference between ke ,(¢) and k, depends on

1
= keff,a[§(2CZ* +CHNT — h(CTN*)}, (20)
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the degree of the distribution in k; k.t o iS @ constant equal to
k, when £ is not distributed, whereas kg , decreases with time
when k is distributed.

The rate equations (7)—(9) were numerically solved” using
the Crank-Nicolson finite-difference method provided that the
sample initially contains neither interstitial O, nor network 80
atoms, i.e., CT(Jx| < L/2,t =0)=0 and N*(|x|=L/2,t =
0) =0. It was also postulated that the sample surfaces
are always saturated at C; with interstitial '80,, CT(x =
+L/2,t) = C*(x =£L/2,t) = Cg, because the dissolution
of O, in a-SiO, is much faster than the following O,
diffusion,’>* and the Raman analysis confirmed that the
fraction of 80 atoms in O, gas sealed in the silica tube was
always close to 1 (20.97) even after the thermal O, loadings.
From the solutions C, C*, and C**, the respective isotopic
fractions were calculated using Eq. (18) as fgo = Ca/CJ,
fos = Cy/C;, and fgg = C;*/C. Using fes, fos, and fgg
derived in this way, the VSB spectra were synthesized and then
least-squares fitted to the observed spectra by treating Kpeai at
each temperature and w as variables. Each simulated spectrum
consisted of three pseudo-Voigt functions with peak parame-
ters that were predetermined.’”?* All the spectra recorded for
the same type of samples were fitted simultaneously. This
direct spectral fitting of the VSB reduced uncertainties in
determining fg6, fos, and fgg compared with the simple peak
decomposition.

III. RESULTS

A. Concentration change of interstitial O, by thermal
oxygen loading

Table I lists PL decay constants of the PEB. The observed
Te6 and B values agreed well with those reported previously.>*
The ratios 763/ 766 and tgg /766 Were almost independent of the
sample type.

Figure 2 shows the variation of CJ with time and temper-
ature in the LowOH, HighOH, and F-doped samples. In each
plot, CT increased linearly with #!/2L~!. The slope of the plot
is equal to 4Cg(D/7r)1/2. (Refs. 22, 31) However, D and Cg,
which are necessary for the numerical simulation, cannot be
determined uniquely only from the slope. To evaluate D and
C, independently at each temperature, the observed data were
compared with the theoretical concentration change given by
solving Eq. (10),7231:32

HON 8 = exp[—D(2n — 1)?7%t/L?]
cl w2 (2n — 1)?

2y

n=I

TABLE 1. PL decay constants (in seconds) of interstitial '°0,,
160180, and '80, (746, Tos, and Tgs, respectively) and the stretched
exponent B evaluated using PEB PL and Eq. (1).

Type Te6" Tﬁsb fsgb B T63/ o6 733/ Te6
LowOH 0.84 1.47 2.08 0.94 1.7 2.5
HighOH 0.69 1.17 1.64 0.89 1.7 2.4
F-doped 0.84 1.54 2.09 0.94 1.8 2.5

#Uncertainty: +0.02 s
bUncertainty: 0.1 s
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FIG. 2. Concentration of interstitial O, in the (a) LowOH,
(b) HighOH, and (c) F-doped samples treated in 80, between 500
and 900 °C. Filled symbols denote values determined from the PEB
intensity. Solid lines are calculated by Eq. (21) using D and CJ
derived from the Arrhenius-type relations of the diffusion coefficient
and solubility defined by parameters listed in Table II. The error bar
represents the experimental uncertainty.

D and the solubility S were derived from Arrhenius-type
expressions. Their parameters were determined by separate
experiments performed above 800 °C (Refs. 18, 22, 33) and
are listed in Table II. CJ was calculated from S assuming that
O, pressure inside the silica tube is roughly proportional to T
of O, loading as Cg = SprrT/ Trr, where pgr is the pressure
of O, (0.9 atm) sealed in the silica tube at room temperature
(Trr = 298 K). As shown in Fig. 2, the experimental and
calculated data agree well. Thus, the simulation was performed
using D and S derived from the Arrhenius parameters listed
in Table II.

064202-4



EXCHANGE BETWEEN INTERSTITIAL OXYGEN ...

TABLEII. Arrhenius parameters to calculate the diffusion coeffi-
cient D = Dyexp(—AE,/kT)and solubility S = Syexp(—AH/kT)
of interstitial O, in a-SiO,.

Type Do(cm?s7h)  AE(eV) Socm3atm™') AH(eV)
LowOH! 4.5 x 10732 0.932 4.2 x 1013¢° —0.18°
HighOH! 6.7 x 107%* 1.01% 4.8 x 101¢° —0.15¢
F-doped’ 7.2 x 10*  0.98" 3.9 x 10'5¢ ~0.18¢

2Derived from data measured at 800, 900, 1000, 1100, and 1200 °C.
"Derived from data measured at 800, 900, 1000, and 1100 °C.
‘Derived from data measured at 800, 900, and 1000 °C.

dReference 22.

¢Reference 18.

fReference 33.

B. Variation of the isotopic composition of interstitial O,
evaluated from the shape of the VSB spectra

Figure 3 shows the VSB spectra of LowOH, HighOH,
and F-doped samples thermally annealed in '°0, or '%0, at
700°C. The VSB of the '°0,-treated sample was located at
~6308 cm™! and was simulated well with a pseudo-Voigt
function.”’’ In '30,-treated samples, on the contrary, two
additional bands attributed to interstitial '°0'30 and 30,
appeared at ~6352 and ~6397 cm™!, respectively.”’ In all
the samples, the fraction of 'O atoms in interstitial O,
(1 — f* = fos + fes/2) evaluated from the intensity ratio of
VSBs increased with an increase in the annealing time because
of the release of '°0O from the a-Si!®0, network. However,
intensity changes of '°0, and '®0, bands between 2 and
72 h were obviously larger in the HighOH sample than in
the LowOH and F-doped samples. The observed VSB spectra
were fitted well with simulated spectra in all samples.

Figure 4 summarizes the time variations of fgs and fgs
in the LowOH, HighOH, and F-doped samples. Lines denote
simulated curves derived by the direct spectral fitting of the
VSB (Sec. IIB), and filled symbols indicate fgc and fgs
evaluated by a simple VSB peak decomposition under the
restriction condition fss + fos + fss = 1. Figure 4 also shows
that time dependences of fgs and fgg in the HighOH sample
were different from those in the other two samples. In the
HighOH sample, fs and fgg showed sigmoidal dependences
on t'/2. On the other hand, the variations of the slopes of fg
and fgg curves with #'/2 in the LowOH and F-doped samples
were rather monotonic.

C. Temperature dependence of the rate of oxygen exchange
between interstitial O, and the a-SiO, network

Figure 5 shows Arrhenius plots of k. , defined in Eq. (20)
and calculated by simulating the data shown in Figs. 3 and 4.
As described in Sec. II B, ket o represents the effective rate of
uptake of 130 from interstitial O, into the a-SiO, network; it
is a constant when k is not distributed, whereas it decreases
with time when k is distributed. To examine the effect of
distribution in k on ke o, kefr,a Was calculated at + = 0 and
at the moment when CJ()/Cj = 0.5, i.e., t = 0.25¢, where
te =m(L/4)*/D.

ketr o of the HighOH sample changed negligibly with 7.
In contrast, ke, of the LowOH and F-doped samples were
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FIG. 3. (Color online) VSB spectra of the (a) LowOH, (b)
HighOH, and (c) F-doped samples treated at 700°C in '°O, or
180,. The ordinate scale is identical to the spectrum shown in
Fig. 1. Dotted curves indicate experimental spectra. Simulated spectra
denoted by solid lines are calculated from the solutions of rate
equations®® obtained by least-squares fits to the experimental spectra.
The insets show VSB spectra of samples treated for 32 h and peak
decompositions of the simulated spectra.

larger than that of the HighOH sample at ¢t /¢. = 0, but became
smaller at r/t. = 0.25. Despite these differences, the time
average of kg, was comparable among these three samples,
indicating that their overall rate of incorporation of 80 into
a-Si0, was similar. Furthermore, log ks, changed almost
linearly with 7! in all samples, making it possible to evaluate
the activation energy A E, and the preexponential factor kg, as
summarized in Table IIl. AE, was ~2 eV, irrespective of the
sample type and ¢/1..

064202-5



KOICHI KAJIHARA et al.

(a) ' LO\INOH [F—
o HighOH e -----
0.8 900°C F-doped & -----
. e Exp. Sim
"~ *800°C

16O2 fraction

18O2 fraction

[Time (h)]""2

FIG. 4. (Color online) Variation of the fractions of interstitial
(a) '°0,, fes and (b) '®0,, fyg, with time and temperature of
thermal annealing in '0,. Filled symbols are derived by simple
VSB peak decomposition. Lines denote simulated curves calculated
by simultaneously fitting all VSB spectra of the same type of sample.
The error bar represents the experimental uncertainty.

Figure 6 also shows Arrhenius plots of ke ,, drawn with
kpeak and w defined in Eq. (4). In the HighOH sample, k.f; o was
relatively close to kpeax. In the LowOH and F-doped samples,
however, kg, was much larger than ke, and did not overlap
with the FWHM area. Thus, Figs. 5 and 6 clearly show that
in the LowOH and F-doped samples, the network oxygen
atoms belonging to the tail part of the distribution dominate
oxygen exchange with interstitial O,. In the HighOH sample,
in contrast, a much larger number of network oxygen atoms
participates in the oxygen exchange.

For an interstitial O, molecule, the average time interval
of the oxygen exchange is given by Aty = (k,NT)~!. Its
substitution into the average diffusion length in one dimension,
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FIG. 5. (Color online) Arrhenius plots of effective average rate
constant kegr () [Eq. (20)] of oxygen exchange in the LowOH,
HighOH, and F-doped samples calculated at 7/t = 0 and 0.25. .
is defined by t, = m(L/4)*/D, where L is sample thickness and
D is the diffusion coefficient of interstitial O,. keg, represents
the rate of transfer of '8O from interstitial O, to a-SiO, at each
moment, and is equal to k,, the weighted average of k; defined
in Eq. (16) at t = 0. At /¢, = 0.25, the average concentration of
interstitial O, becomes one-half of the saturation concentration, i.e.,
CI(t/t. = 0.25) = C; /2. For the HighOH sample, the data points at
t/t. = 0 and 0.25 are almost coincident. The error bars represent the
experimental uncertainties.

| = 2(D At /)", yields the average exchange-free diffu-

sion length of interstitial O, as
D 1/2
2 ( TENT > . (22)

172
. 2<DAtex) _
T

Figure 7 summarizes [ calculated for the LowOH, HighOH,
and F-doped samples. / was ~10-100 um at 500°C, but
decreased with an increase in temperature. At 900 °C, [ was
an order of magnitude smaller than that at 500°C. [ of the
HighOH sample was a bit larger than that of the LowOH and
F-doped samples because of the smaller k, = kegr o(¢ /1. = 0),
as shown in Fig. 5.

D. Numerical simulation of the distribution of 80 in interstitial
0, and the a-SiO, network

Figures 8(a)-8(c) show simulated cross-sectional profiles
of CT, C, C*, and C** that best reproduce the observed VSB
spectra of the LowOH sample treated at 500, 700, and 900 °C
(Fig. 3). At 500°C, 80, was the main form (fgg ~ 0.93,
fe6 < 0.01). Since the saturated O, concentration Cg was

TABLE III. Preexponential factor k, and activation energy AFE, for the average exchange rate constant k, [Eq. (16)], effective average
exchange rate constant k., [Eq. (20)] at 7/, = 0.25, and exchange rate constant at the peak of the distribution kpcq [Eq. (4)], derived from
data shown in Figs. 5 and 6. For k,e.x, FWHM of the distribution of AE, [note that this is not equal to w defined in Eq. (4)]? is also shown.

ka = keff,a(z/tc = O) keff.a(t/[c = 025) kpea.k
Type ko(cm3s™1) AE,(eV) ko(cm3s™) AE,(eV) ko(cm3s™1) AE,(eV) FWHM(eV)
LowOH 5.1 x 1071 2.1 5.7 x 1077 2.1 29 x 1078 55 1.5
HighOH 1.8 x 1071° 2.1 1.7 x 1071¢ 2.1 3.0 x 10715 2.5 0.5
F-doped 23 x 1071 2.0 2.5 %x 1077 2.0 1.4 x 10°8 5.5 1.5
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FIG. 6. (Color online) Arrhenius plots of exchange rate constants
k for the (a) LowOH, (b) HighOH, and (c) F-doped samples. Both
the rate constant at the peak of the distribution kpe.x [Eq. (4)] and
kegr.o calculated at #/7. = 0 and 0.25 (same as Fig. 5) are shown. The
shaded area denotes FWHM of the distribution w.

~5 orders-of-magnitude smaller than the concentration of the
network oxygen atoms N7, this result demonstrates that the
oxygen exchange is very slow at 500 °C. However, it intensified
with an increase in temperature, enhancing the formation of
160180 and !60,. In the sample treated for 32 h at 700 °C,
160, was dominant near the sample center, and '°0'80 was
the major form in the midway between the surface and sample
center. At 900°C, the oxygen exchange was much faster,
resulting in a shallower penetration of 30, and '°0'30 and in
a significantly broadened central '°0,-rich region.
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FIG. 7. (Color online) Temperature dependence of average
exchange-free diffusion length / [Eq. (22)] of the LowOH, HighOH,
and F-doped samples. The error bars represent the experimental
uncertainties.

Figure 8(d) shows simulated cross-sectional profiles of
N*. The concentration profiles of 80 atoms in interstitial
O, (C*+4+2C**) are also shown. The N* and C* 4+ 2C**
curves were nearly parallel in all data, indicating that N* is
simply proportional to the concentration of '#0 in interstitial
0,. C* + 2C** at the surfaces was insensitive to temperature,
whereas the ratio N*/(C* 4 2C**) increased with an increase
in temperature due to the acceleration of the oxygen exchange.
At 900 °C, however, near the sample center, N* was signifi-
cantly depressed despite the fast oxygen exchange, indicating
that a rapid 180 transfer from interstitial O, to the a-SiO,
network near the surface hinders deeper penetration of '30.
This is also a consequence of large AE, for k, as compared
with AE, for D; otherwise, profiles calculated at different
temperatures would not cross.

Figure 9 compares simulated cross-sectional concentration
profiles of network (N*) and interstitial (C* 4+ 2C**) 80
atoms among the three types of samples annealed for 72 h
at 700 °C. Partial contributions N;* due to the ith component
in the exchange rate distribution [Egs. (4) and (5)] are also
plotted at —5 =i =15. In all the plots, N* was proportional
to C* + 2C™**, which is consistent with the results shown in
Fig. 8(d). In the HighOH sample, all N} profiles were nearly
parallel with each other and log N} changed linearly with x.
Thus, ke (x,t) varied little with x. N was the largest at i ~
0-5, indicating that the network oxygen atoms belonging to
the middle of the k distribution control the oxygen exchange.
In the LowOH and F-doped samples, N was the largest at
i 2 10, and thus the tail part of the distribution is the most
important for the oxygen exchange. Here the component that
gave the largest N/ value varied with x, and k. decreased with
|x]. In addition, the log N/(x) curves became flat at i 2 10,
particularly near the surfaces, showing a sign of the saturation
of the network oxygen atoms with 80 (N =~ NT) because of
large k; and small NiT in these components. Consequently, the
log N*(x) profile became convex upward at the x # 0 region.

Figure 10 shows time dependence of thickness averages of
N* and N} [N} and N;;, respectively, derived by Eq. (18)] in
the three types of samples treated at 700 °C. There is again a
difference between the HighOH sample and the other two types
of samples. In the LowOH and F-doped samples, the N, profile
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FIG. 8. (Color online) The effect of temperature on simulated
cross-sectional concentration profiles of interstitial '°0,, '°0'30, and
80, (C, C*, and C*, respectively) as well as their sum (CT =
C+ C*+ C*) in the LowOH samples. The data are taken from
samples treated for (a) 128 h at 500 °C, (b) 72 h at 700°C, and (c) 4 h
at 900 °C . In panel (a), C is very small and the profile almost overlaps
with the abscissa. The cross-sectional concentration profiles of 'O
atoms in the a-SiO, network and interstitial O, (N* and C* + 2C**,
respectively) in these samples are shown in panel (d).
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FIG. 9. (Color online) Simulated cross-sectional concentration
profiles of the network '*O atoms (N*) in the (a) LowOH, (b)
HighOH, and (c) F-doped samples treated for 72 h at 700°C.
The decomposition of the profiles into components N, which
is associated with the exchange rate constant k; [Eq. (5)], is
also displayed for the i range 15=i= — 5 (also see color bars):
15=i =11, thin solid lines; 10 =i = 6, thin dashed lines; 5=i =0,
thin dotted lines; and —1 =i = — 5, thin dash-dotted lines. Thick
dashed lines denote the concentration of '*O atoms in interstitial O,,
C*+2C*.

atsmall 7 (4 h) was mainly determined by N, of components
at i = 10, because their k; values were far iarger than kpeax
[Figs. 6(a)and 6(c)]. However, all NiT of such components
were relatively small, resulting in an easy saturation of N},
with ¢. Thus, i of the largest N, component decreased with an
increase in ¢. In the HighOH sémple, where the k; distribution
was narrow [Fig. 6(b)], all N;i curves were almost parallel

064202-8



EXCHANGE BETWEEN INTERSTITIAL OXYGEN ...

— 18 T T T T T
% (@) LowOH, 700°C Total —
S
Z 17} .
S
s
16 | 15
[$]
c
8 10
?_DO 15 | 4
« 5
g
= 14 0 A
Z,
[=2)
R T Y A L o . o
0 2 4 6 8 10
[Time (h)]"?
— 18 T T T T T
% (b) HighOH, 700°C Total —
S
2 i
il
©
< 15 |
Q
C
8 10
o i
®
« 5
s
3 0 1
Z
g 5
10
_ 18
=
3
S
— 17 f
S
©
S 16 |
o
c
o
o
L 15
x
2
g 1Mr 4
E /, -
[+ / -
o 13 ! 1 1 _pe 1 |_5
0 2 4 6 8 10
[Time (h)]"?

FIG. 10. (Color online) Simulated time-dependent change of
thickness average of the concentrations of network 80 atoms (N})
in the (a) LowOH, (b) HighOH, and (c) F-doped samples treated
at 700 °C. The components N;; associated with the exchange rate
constant k; are also displayed for the i range 15=i = — 5 (also see
color bars): 15 =i = 11, thin solid lines; 10 = i = 6, thin dashed lines;
5 =i =0, thin dotted lines; and —1 =i = — 5, thin dash-dotted lines.

with each other, and components with i >~ 0-5 with Nl.T that
are far larger than C] dominate the oxygen exchange.

IV. DISCUSSION

In this study, we evaluated the second-order rate constant
k defined on the basis of the oxygen exchange mechanism
described by Eqgs. (2) and (3). A remarkable finding is that
activation energy A E, for the average oxygen exchange rates
k, [Eq. (16)] and kgt o [Eq. (20)] listed in Table IIT is insensitive
to the presence of the network modifiers such as SiOH, SiF,
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and SiCl groups. Furthermore, k, is influenced only a little by
~10' ecm™3 SiF groups, and is even decreased by ~10?° cm™3
SiOH groups (Fig. 5), indicating that the network modifiers do
not serve as preferential oxygen exchange sites.

AE, for k, is ~2 eV. SIMS depth-profiling studies of the
network 80 atoms in a-SiO, samples treated in 80, have
reported similar AE, values [~2.6 eV (Ref. 34) and ~1.7 eV
(Ref. 13)], although these studies assumed first-order exchange
processes. AE, for k, is larger than AE, for diffusion of
interstitial O, in a-Si0, (~0.8-1.2 eV) (see Refs. 2, 30, 22,
31, and 33; see also Table II). It is even larger than that
for the permeation of interstitial N, (~1.4 eV) (Ref. 35)
in which the N-N bond is unlikely to dissociate during
the permeation. These results provide strong evidence that
the oxygen exchange and the permeation of interstitial O,
are independent processes. They are also consistent with the
model that attributes the barrier for the O, permeation to the
energy necessary to dilate openings connecting neighboring
interstitial voids without breaking the a-SiO, network.>36-33

On the other hand, A E, for k, is evidently smaller than the
energy of the O-O bond in the O, molecule (~5.1 eV) and
of an Si—O bond (~4.7 eV), which is close to the energy of
the viscous flow of a-SiO, (~5-7 eV). (Refs. 39-41) Thus,
AE, for k, most likely corresponds to the energy of the
formation of activation complex during the oxygen exchange.
AE;, of kpeq for the LowOH and F-doped samples is ~5-6 eV
(Table III). It may relate to the energy of Si—-O and O-O
bonds described above. However, this agreement can also be
accidental, because the value is influenced by the shape of the
AE, distribution, which may actually not be Gaussian.

Another important result is that the VSB spectra of the
LowOH and F-doped samples are simulated well only when
the distribution in k is introduced. We suggest that this
k distribution is due to the site-to-site variation in AFE,
for the oxygen exchange that originates from the structural
disorder of a-SiO,. A theoretical study** has reported similar
site-to-site variation for the formation energy of the peroxy
linkage (Si—-O-O-Si; POL),*™¢ which may be transiently
created along with the oxygen exchange. Interestingly, the
calculated formation energy of POL is not a simple function
of the Si—-O-Si angle; it is instead strongly dependent on the
deformation of a more extended a-SiO, network region.*? In
this context, it is unexpected that incorporation of ~10'” cm—3
SiF groups does not significantly change k, and w, although it
is well known to enhance the structural relaxation by breaking
up Si—O bonds and decomposing strained Si—O-Si bonds,
typically occurring as small rings of 3 or 4 Si—O bonds, (Si-O),,
(n = 3, 4).*7* Thus, the influence of the local network strain
on oxygen exchange and the structure of preferential oxygen
exchange sites are currently uncertain.

An important implication of the k distribution in the
LowOH and F-doped samples shown in Figs. 6, 8, and 9
is that only a small part of the network oxygen atoms
participates in the oxygen exchange. This may be simply
because these network oxygen atoms are more reactive than the
other network oxygen atoms. However, the present experiment
does not exclude the possibility that only a limited number
of network oxygen atoms is accessible to interstitial O,, in
other words, preferred “channels” for migration of interstitial
0, may exist.”> Recent theoretical calculations have also
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suggested that the long-range diffusion of interstitial O, mainly
involves the lowest-energy part of the energy landscape.’'
Nevertheless, experimental evidence is still insufficient to
discuss the detail here.

The FWHM of k distribution w for the HighOH sample is
much smaller than that of the LowOH and F-doped samples
(Fig. 6 and Table II). It is unlikely that the decrease in
w is a result of the breaking up of the a-SiO, network
by SiOH groups and the consequent reduction of the local
network strain,’>>* because a similar decrease in w is not
seen in the F-doped sample. The most probable origin of
the small w is chemical reactions involving SiOH groups.
For example, two SiOH groups are converted to an interstitial
H,O molecule and a network oxygen atom.'>>762 Since the
resultant interstitial H,O is mobile, this reversible reaction
modifies the network topology by displacing SiOH groups,
and spatially redistributes the network 30 atoms as!3-36-7-%.63

H®*O + =Si—'°0-Si= 2 =Si'°OH + H'®0Si=
2 H%0 + =Si-"80-Si=. (23)

The reaction given by Eq. (23) becomes fast enough to
reach local equilibrium above ~600-700 °C.!7%° Furthermore,
analysis of diffusion of H%SO in a-Si'®0, (Ref. 57) has
confirmed that a large part of the network oxygen atoms
participate in the reaction given by Eq. (23). Such a '30
redistribution mechanism would be much faster in the HighOH
sample than in the LowOH and F-doped samples, because the
concentration of paired SiOH groups, which can be dehydrated
easily, is roughly proportional to the square of the SiOH
concentration. The local network topology may be modified
too by the bond switching accompanied by hydrogen transfer
between two network oxygen atoms; such reactions include
the rotation of an SiOy4 tetrahedron,

=0;Si0'H 2 =0,0/SiOH, (24)

and the self-diffusion of an SiOH group,
=Si' —O'H + =Si—0—Si= 2 =Si'—0' —Si= + =Si—OH.
(25)

Besides, a small amount of SiCl groups (~1/20 of SiOH
concentration) embedded in the HighOH sample may add
some difference in comparison to the LowOH and F-doped
samples, because SiCl groups react with interstitial O, and
H,0 molecules,**

2=SiCl + 1/20, 2 =Si—0—-Si= + Cly, (26)

=SiCl + H,0 2 =SiOH + HCl. 27

The redistribution of network '®O atoms and modification of
the network topology by the reactions given by Egs. (23)—-(27)
dynamically average the local environments of the 'O-labeled
network oxygen atoms, and this mechanism can explain the
small w in the HighOH sample.

As shown in Fig. 8, the saturated O, concentration
(Cg ~10'7 cm™3) is ~5 orders-of-magnitude smaller than the
network oxygen concentration (N7 =4.41 x 10> cm™3). This
is the main reason for the small concentration of the network
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180 atoms (N*, <10'” cm~3) as compared with NT, even after
thermal annealing for 4 h at 900 °C [Fig. 8(d)]. In contrast,
SIMS and NRA depth-profiling experiments have shown that
180, treatment at ~900°C commonly forms a ~1-10-nm-
thick '8O-rich layer, in which N* is ~10?!722 ¢cm™3, near the
outer surface of a-Si0,.%!3346> This surface '80-rich layer
is unrelated to the oxygen exchange evaluated in this study,
because it is formed by more rapid '®0 flow from ambient
180, gas to the a-Si0, network, which was not considered in
this simulation. In fact, the formation of the surface '3O-rich
layer has been attributed to the redistribution of the network
130 atoms by trace amounts of water [Eq. (23)],%!”7 because
the self-diffusion of the network oxygen atoms is too slow to
contribute to the profile.'>?3 This mechanism of redistribution
of network '30 atoms by traces of water is expected to
be similar to the above-described processes observed in the
HighOH sample in this study.

Beneath the surface #O-rich layer, a tail part, where N* de-
creases much more gradually with the depth, is observed.'":!?
This tail part is believed to be formed by the oxygen exchange
between interstitial O, and the a-SiO, network, and has been
used to evaluate the oxygen exchange rate.'*** The reported
N* in the tail part is ~10'"72° cm™3 at 900-1000°C,'"!13
showing a relatively good agreement with the value calculated
in this study (~10'" cm~ at 900 °C). The small discrepancy
between these two values may be due to the very small depth
of the observed tail profiles (~0.1-1 um) compared with the
thickness of samples used in this study (~0.4-0.5 mm). Thus,
180 observed in the tail part may not solely be due to the
oxygen exchange; traces of water incorporated from ambient
atmosphere may still contribute to form the tail profile.

V. CONCLUSIONS

The alAg(v =0)— X3 Eg’(v = 1) infrared photolumi-
nescence band of oxygen molecules (O;) introduced in the
interstitial voids in amorphous SiO; (a-SiO;) undergoes an
isotope shift as a result of '®0-'30 substitution. This isotope
shift was utilized to study quantitatively the oxygen exchange
between the a-SiO, network and '80-labeled interstitial O,
in synthetic a-SiO, with different concentrations of common
network modifiers (SiOH, SiF, and SiCl groups). Incorporation
of these network modifiers left almost unchanged or even
decreased the average oxygen exchange rate, suggesting that
they do not significantly participate in the oxygen exchange.
The activation energy for the average oxygen exchange rate
is ~2 eV, irrespective of the type and concentration of the
network modifiers, and it is larger than that for the permeation
of interstitial O, (~0.8-1.2 eV). Furthermore, the average
exchange-free diffusion length of an interstitial O, molecule is
~1-100 pem in the temperature range between 500 and 900 °C,
indicating that the oxygen exchange is not the bottleneck of the
permeation of interstitial O, in a-SiO,. The oxygen exchange
rate is distributed because of the site-to-site variation of the
reactivity of network oxygen atoms with interstitial O,. How-
ever, the distribution of the oxygen exchange rate is narrower
in samples with high (~10%° cm—3) SiOH concentrations. This
smaller width is probably not caused by a real decrease in the
dispersion of the oxygen exchange rates. Rather, it may be
caused by the mobile interstitial water molecules, transiently
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formed by dehydroxylation of SiOH groups. They may react
with the a-SiO, network to redistribute 80 over the a-SiO,
network and may dynamically average the local configuration
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around the network oxygen atoms. These results may provide
further evidence for reactions involving traces of interstitial
water molecules in a-SiO,.
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