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Silicon Self-Diffusion in Quartz
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0Si diffusion was measured in quartz along ¢ axis in theB-phase field, at 7 = 1400—1600°C by
Rutherford backscattering spectrometry and the *°Si(p, y)*'P resonant nuclear reaction. The diffusion
coefficient D(cm?s™!) = 10©1*27 exp[(—7.6 = 1 eV )/kT], comparable to D of silicon in vitreous SiO».
We suggest Frenkel pairs as majority defects with diffusion occurring by interstitial mechanism.

PACS numbers: 66.30.Hs, 25.40.Ny, 61.72.Ji, 61.80.Mk

We measured silicon diffusion in dry, pure, synthetic
quartz, between 1400 and 1600 °C. Our result can serve
as a reference for further diffusion studies in doped quartz
and help one understand two important questions: (1) Is
Dsi << Doy in dry quartz as it is over a wide domain of T
inother silicates, such as olivines (Fe,Mg),SiO, [1]? For
these systems high temperature creep is governed by
multicomponent diffusion [2], and thus principally by the
slowest diffusing species. (2) Does diffusion transport in
vitreous v-SiO, occur through point defects? Because of
the high similariy between the structure of quartz and v-
SiO,, the comparison between the activation energies of
Ds; in quartz and in v-SiO, will help in the debate.

Information concerning Dys; is available for silica [3]. It
indicates Ds; << Doy, even if one takes the lowest values
published for Doy [4]. Brébec et al. [3] find a relatively
high activation energy Q = 6 eV for Dg;, in the range
1100—-1400°C. This value is very close to Q for viscous
flow, so they suggest that viscous flow is controlled by
silicon diffusion for T > T,. This is in agreement with
Schaeffer [5] who already mentioned a mismatch between
Q for viscous flow of 5-7 eV, and Q for Do, and
suggested that a species other than oxygen should be
rate controlling viscous flow. Other data for Dox in v-
Si0; can be found in [5]. They also include data on the
molecular permeation of O, in fused silica, as opposed to
other data on “network oxygen diffusion” [4].

The quartz single crystals (premium Q) were bought
from the SICN company (Annecy, France). They are
very pure, containing less than 3 ppm impurities, and are
believed to contain less than 0.1 ppm H/Si (after [6]),
with a quality factor Q = 2.7 X 10°. Cylinders of 2.2
mm diameter were cored from Z zones (zones with the
minimum of impurities and with a dislocation density
p = 10" m~2 [7,8]) with their axis parallel to ¢. The
faces were polished by cerium oxide, and slightly etched
with diluted HF acid in order to remove the coldworked
layer. 96.5% isotopic enriched *°SiO, was deposited on
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the surface by RF sputtering, and this formed a layer of
thickness 4 = 400—800 A.

Some of the experiments were performed under pres-
sure, and others were done at room pressure, both at tem-
peratures between 1600 and 1400 °C, and for durations
ranging from 15 min to several days. All experiments
were done in the B phase, even those at room pressure.
In the experiments at room pressure, we took advantage
of the very high grade of our quartz specimens to avoid a
transition to the high temperature phases. It probably con-
tains impurities and dislocations in such small amounts
that there are not enough seeds for phase transforma-
tions. Hence, these runs were performed in the B field,
in metastable conditions [9]. In the high pressure exper-
iments, at 2 GPa in a solid confining medium (piston-
cylinder), samples were annealed by pairs with the iso-
topic reservoir in between, and were separated by a thin
disk of graphite in order to avoid sticking. They were em-
bedded in a graphite jacket. This assemblage and the very
slow decompression procedure prevented samples from
any fracturing perpendicular to the diffusion interface.
Recovered samples kept their optical transparency. With
this symmetrical experimental array, the diffusion sand-
wich provides two specimens which should give identical
diffusion profiles. We use these to estimate our experi-
mental error. From both profiles, one deduces diffusion
characteristic lengths 2Dt (D, diffusion coefficient; ¢,
annealing duration) which could differ at maximum by a
factor of 3 at 1400°C, and by a factor 1.2 at 1600 °C.
The above boundary conditions correspond to the solution

e, 1) = 24— ‘”[erf<h — ") + erf(mﬂ +
’ 2 2Dt 2Dt *

where ¢« is the natural abundance of *°Si, x the distance
from the surface of the isotopic layer of concentration cy,
and £ its thickness.

Two ion beam analysis techniques, appropriate to the
measurements of short diffusion profiles (characteristic
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length 2+/Dt = 200—1000 A) were used, carefully avoid-
ing channeling effects [10]. Rutherford backscattering
spectrometry (RBS) of 2 MeV «a-particles was first used to
make a rapid estimate of the quality of the diffusion pro-
files, and their approximate length. The advantage of the
RBS technique is its rapidity and ease. But, in our case,
the disadvantage of RBS is that 2!Si and 3°Si are not per-
fectly separated, because of their very close masses. The
diffusion profile of the 3°Si must be extracted from the ex-
perimental complex spectrum, by numerical methods: we
used the program RUMP [11] to fit the RBS spectra, using
D as a parameter. The method has a resolution in depth of
about 300 A in our case, and is therefore well adapted for
diffusion profiles ranging from 2v/Dt ~ 0.5h to 5h. The
second method is the use of the nuclear reaction narrow
resonance by the energy scanning technique [12] around
the 68 eV FWHM resonance of the 3°Si( p, y)3'P reaction
at 620.4 keV by counting the 7.9 MeV emitted y. The
proton energy was automatically increased by steps of 400
eV from below 620 keV, this corresponding to depth in-
tervals of 66 A. Figure 1 shows typical excitation curves
which are images of concentration profiles. It illustrates
a diffusion profile of 3°Si in quartz with 2+/Dr ~ 1150 A.
The comparison of the integrals of the spectra before and
after annealing shows that there was no loss of 3°Si dur-
ing the experiments, probably because we made °SiO,
sandwiches. The depth resolution of this method is lim-
ited in a weak proportion by the width of the resonance,
and by the stability of the energy of the beam (at best
100 eV), this corresponding theoretically to a depth res-
olution of about 16 A at the surface. The resolution is
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FIG. 1. Excitation curves using the 3°Si(p,y)’'P narrow
\ p,Y

resonance at 620.4 keV. Stars: 720 A thick *°SiO, layer on top
of a quartz specimen and its fit (full line). Triangles represent
the natural abundance in quartz without the layer on top. Dots
represent the diffusion profile after anneal at 1400 °C for 30 hr
39 s. Energy 620.4 keV is between channels 6 and 7 (this
corresponds to the surface of the layer, or of the uncovered
quartz). Channel width is 400 eV (= 66 A in depth). Note the
conservation of the integrals. From these spectra, one deduces

=3 X 107! cm?s™!, corresponding to the full line fitting
the excitation curve.

spoiled for greater depth by energy straggling of the beam.
Actually, this surface value is never reached and stands
around 50 A, because of straggling through the ~50 A
thick carbon layer deposited to avoid electrical charging
under the beam. The excitation curve is the result of con-
volution between the concentration profile, energy fluctua-
tion of the beam, and straggling increasing with depth. The
program SPACES [13] allows the simulation of excitation
curves and is particularly adapted to very narrow nuclear
resonances. Unfortunately it does not contain the concen-
tration profile adapted to our problem. We have there-
fore developed our own convolution program including the
needed solution to Fick’s equation c(x,7). And we have
checked that this program and SPACES are fully compatible
in the case of unannealed layers.

Table I gives the results. The error bars come from
the sensitivity to the simulation of the fit of the data,
and the comparison between the two profiles obtained
on both sides of the diffusion sandwiches. Figure 2
is the corresponding Arrhenius plot, with an activation
energy of 7.6 = 1 eV, and a preexponential factor Dy
(cm?s™!") such that log,, Do = 6.1 = 2.7. The silicon
diffusion coefficient is much lower in this temperature
range than the lowest data found in the literature for
oxygen diffusion [4]. The activation energy of 7.6 eV
will be compared in the discussion to that of the Si-O
bond (4.5 eV as deduced from the formation of the B
quartz from its elements [14], an updated value compared
to 3.8 eV given by Pauling [15]) and compares well with
that of viscous flow, 7.4 eV in vitreous silica v-SiO, [16]
(6 eV in [17]) below 1400 °C but which is only 5.2 eV
above 1200°C [17,18], and is somewhat superior to that
silicon diffusion in v-SiO; (6 eV) in the range 1100—
1400 °C [3]. But a lone piece of information, an activation
energy, is not sufficient to make a choice for a diffusional
mechanism. However, it may add constraints and help
to rule out some mechanisms. A first remark concerns
the similarity of activation energies in crystalline and
vitreous SiO,. This suggests (but does not demonstrate)
that point defects in v-SiO, could be preferred to the free
volume model. A second remark deals with the absence
of any observable effect of pressure on D between O
and 2 GPa: this puts an upper limit on the value of the
activation volume V = —RTd InD/dP = 1.7 cm? mol ™!
around 1500 °C with a maximum uncertainty of 0.1 log,,
unit on D.

We use Fig. 3 to support the following discussion.
The first case which can be precluded is diffusion by
simple thermally activated vacancies. A vacancy costs
two Si-O broken bonds (2 X 4.5 eV) minus one or two
0O-O reconstructions (2 X 1.4 eV) for its formation (see
discussion and review in [19]). To that must be added a
migration energy roughly consisting of breaking one more
Si-O bond, and pushing Si across an oxygen triangle: the
latter strong distortion of the Si-O-Si angle could cost an
energy of the order of 1 eV [20]. This first case gives a
diffusion energy much too high compared to data (7.6 eV).
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TABLE 1L

9Si diffusion data in B-quartz along ¢. ¢ is the annealing duration, 4 the ¥°SiO,
layer thickness, x. = 2(Dt)°> the characteristic diffusion length, and D (cm?/s) the diffusion
coefficient with its estimated error bars A logD as extracted from the spectra. The uncertainty
on D contains only that of the fit using various sets of Coh values, and different spectra taken
from different places of a same sample.

Sample T (°C) t(s) h (A) logD AlogD x. (A)
QHPS5a® 1600 3600 890 —13.65 0.03 1800
QHP5b* 1600 3600 890 —13.60 0.07 1905
QHP6b? 1500 14400 890 —14.74 0.30 1025
QHP7a* 1500 7200 890 —14.38 0.08 1100
QHP7b? 1500 7200 890 —14.26 0.11 1260
Q01 1600 900 540 —13.75 800
Q02 1600 900 620 —13.60 0.17 960
Q05 1400 247080 615 —16.77 410
Q06 1400 247080 580 —16.16 0.31 825
Q07 1400 110340 720 —15.52 0.06 1150
Q08 1400 110340 380 —15.95 0.18 705

*High-pressure runs (20 kbar).

One could invoke a second mechanism which resembles
the precedent for migration, but for which vacancy concen-
tration does not depend on temperature below a given 7.
In v-SiO,, this temperature, usually called 7 (for which
the amorphous structure is that of the frozen liquid with
its frozen defects), can be very high and depends on the
quench temperature as demonstrated by v-SiO, viscosity
studies [16]. Hydrothermally grown quartz has “growth
vacancies” which could be relatively abundant compared
to thermal vacancies, because the latter have a very high
activation energy; we can assume that the growth vacan-
cies dominate up to a very high temperature because of the
close similarity of the microscopic structures of v-SiO,
and quartz. In that frame, only migration contributes to
the activation energy of diffusion. For this mechanism
and the previous one, the motion, for instance, along c,
of an initial vacancy in 1234 (Fig. 3) occurs by the move-
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FIG. 2. Plot of logD vs 1/T(K) — 1 for *°Si diffusion in

quartz. Cross symbols are for runs at room pressure, diamond
symbols for runs at 2 GPa. All these results fit the same line,
which gives an activation energy of 7.6 eV.
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ment of Si leaving tetrahedron 4567, becoming an inter-
stitial inside the ten-oxygen cage which is surrounded by
two vacancies. In quartz, this cage is placed between two
main helicoidal axes 6, and could relax dynamically ow-
ing to the presence of two disturbing neighboring vacan-
cies which provide dangling bonds at oxygen sites. The
motion of Si could occur by reconstruction of SiO, tetra-
hedra 2345, then 3456, and finally 4567, “rolling” along
the walls of the cage. At each intermediate step, Si passes
through an oxygen triangle, with only one Si-O bond bro-
ken and rebonding at the opposite oxygen. Meantime
O-O reconstruction dynamically evolves in one of the two
Si vacancies in order to minimize the overall energy. This
mechanism could similarly work in v-SiO; but in less rigid

C axis

FIG. 3. A side view of five SiO, tetrahedra of right 8-quartz.
The silicon atoms are not represented. [0 0 1] = ¢ is vertical;
the normal to the sheet is approximately [14 3 0]. Circles
indicate oxygen atoms: ten of them form a cage surrounded
by four tetrahedra with one apex pointing outward from the
cage. Labels 1 to 7 on some oxygens are used in text.
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and more distorted cages surrounded by Si-O rings of or-
der 3 to 7 [20], and by definition contains many dangling
bonds by comparison with the perfect crystalline organi-
zation. The energetic cost is one Si-O bond (4.5 eV) to
which an energy E, must be added for the intermediate
steps, Ep = 7.6 — 4.5 = 3.1 eV, in B-quartz and is less
(Ep = 6 — 4.5 = 1.5¢eV) in v-Si0,, 7.6 and 6 eV being,
respectively, the experimental activation energies of sili-
con diffusion in B-quartz (present work) and in v-SiO,
[3]. Motion along a direction can be described by a simi-
lar process with four elementary steps instead of three. If
the above mechanism has its own interest for comparing
v-SiO; to its crystalline polymorph, it is not the most con-
vincing solution, because one needs to have frozen-in Si
vacancies in quartz. In addition, the number of congealed
vacancies should decrease with the annealing duration, so
that the diffusion coefficient decreases and the viscosity
increases. Is that true for B-quartz? Anyway, this was
observed for the metallic glass Fe,NisB, [21].

The third possibility which has our preference is to
consider Si Frenkel defects. This possibility is already
well documented for oxygen in v-SiO; (see review in
[19]). These associated defects need to break four Si-O
bonds (4 X 4.5 eV) minus two O-O reconstructions (2 X
1.4 eV), i.e., cost Er = 152 eV. The Si interstitial Si;
is in the ten-oxygen cage neighboring the vacancy Vg;
after the reaction Sis; = Vs; + Si; (Kroger-Vink nota-
tion). These defects have equal concentrations; the mass
action law gives [Si;] = [Vsi] = exp(—Q/kT), with Q =
Er/2 = 7.6 eV as formation energy. In reality this for-
mation energy can be lowered by rearrangement of the
Vsi-Si; defect: supposing Vs; in site 1234, the idea con-
sists in overbonding an oxygen (site 5 in Fig. 3) as pro-
posed by Mott [22] with the Si; in site 2345. This defect
resembles the “valence alternation pairs” (VAP) formed
by two defects: O*(3Si), a threefold bonded oxygen at
site 5, and the dangling bond O~ at site 1. The possi-
bility of this defect is defended in [23] and discussed in
[24]. Once in the cage, the Si; could move more or less
freely with almost zero as migration energy. On the con-
trary, vacancies are much less mobile because their mo-
tion would necessitate to break the extra Si-O bond. We
therefore propose an interstitial mechanism for Si diffu-
sion in Si0O, with an activation energy corresponding to
half the Frenkel pair formation energy, 7.6 eV in 8-quartz
and 6 eV in v-SiO,, the difference probably being linked
to different sizes of oxygen cages in quartz and in v-SiO,.
This Frenkel-controlled Si diffusion should be insensitive
to oxygen partial pressure.
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