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The effect, of hydrostatic pressure on some properties of Cz-Si with oxygen
precipitates is investigated. The observed phenomena are discussed in terms
of misfit between the precipitates and Si matrix.
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Czochralski-grown Si single crystals (Cz-Si) subjected to hydrostatic pressure
(HP) can change defect structure and so the bulk properties influenced by defects.
This effect is related mostly to the oxygen-induced defects existing in the bulk of
annealed samples [1-4], e.g. oxygen precipitates (OP) composed of SiOz [3].

In this paper we investigate the effect of HP on the defect structure of Cz-Si
monocrystals containing OP. The isostatic and pulsating HP as well as ultrasound
(US) treatments at room temperature were applied. Also the high pressure-high
temperature (HP-HT) treatment was used to modify the elastic misfit ¢ at the
OP/Si boundary [3].

The OP density dop in the preliminary annealed Cz-Si single crystals (oxy-
gen concentration co up to 108 cm—3) was in the range of (105-107) cm~2. The
samples were subjected to the HP treatment up to 1.8 GPa, to the HP-HT treat-
ment at HT up to 1620 K or to the HP-US treament at HP up to 1 GPa (the
US amplitude up to 9 MPa, frequency 17 kHZ) [5]. The HP induced changes of
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the defect structure were detected by the Lang topography. The bulk properties
sensitive to the defect structure (X-ray anomalous transmission I, lattice con-
stant @, linear thermal expansion coefficient o) were measured by X-ray methods.
Measurements were performed after removing the sample from the HP chamber.

In the case of samples HP treated at room temperature the detectable
changes of azgzx were observed for dop > 10* cm~2, being more pronounced
for pulsating HP. For example Q293K = (0 54308870 % 0.00000072) nm for the
sample with dop = 8 X 10° cm~2 subjected to 12 cycles 0.25-1.8' GPa, whereas for
the initial HP untreated sample azg3x = (0.54308652 == 0.00000074) nm. The I
value diminishes with HP (~ 15% for 1 GPa). Contrary to that, the HP-US treat-
ment causes a decrease of a and slight increase of I . Annealing of the preliminary
HP treated (5 cycles at 0.25-0.8 GPa) samples (dop # 107 cm=?2) at 1370 K for 20
hours caused the increase of @ and decrease of I (Aaggzk was about 6 x 10~ nm
and I decreased down to 25% of the initial value).

Under HP-HT additional defects are created, but smaller OP can dissolve in
the matrix at highest HT [4, 6]. The values of a diminish for the lower HP-HT,
but increase (Aazgzk up to 15 x 10~¢ nm) for the higher HP-HT treated samples.
Thermal expansion coefficient o tends to diminish with HT [4], whereas I, is rising
for the samples HP treated at higher T', being dependent also on dop.

The following phenomena are typical for the HP treated samples:

—- the lattice constant a value rises, Iy diminishes.

— after additional annealing this tendency is even more pronounced.

Initial Cz-Si single crystals contained OP in the form of platelets composed of
amorphous SiO; as the main kind of defects. Let us consider for simplicity the
spherical shape of OP. Let as assume also that the misfit o at the OP/Si boundary
in initial samples is dependent only on the temperature of the final stage of sample
preparation (1200 1450 K) and can be estimated taking into account different
thermal expansion of SiO and Si [3, 4]. The relative volume change of the crystal
AV/V is connected with the change of lattice parameter Aa/a by the following
equation:

Aaja = AV/3V. = | (1)

During the preparation of initial samples the concentration of interstitial oxygen
co diminishes to ¢¢. So (co — ¢r)V oxygen atoms are in the form of OP. The mean
concentration of OP cop would be (co — ¢)/n, where n means the number of O
atoms in OP. In the equilibrium conditions the averaged dilatation of the Si lattice
does not depend on the degree of the oxygen precipitation [7]. However, in our case
AV is not equal to 0 because some misfit was induced during preparation of the
initial samples at cooling, being connected with different thermal expansion of Si
and SiO;. This misfit can be changed after the HP-(HT,US) treatment because
of additional defects creation. The difference of the OP volume vop and of the Si
volume vg; of the same initial volume vg, related to the misfit created as the result
of the HP treatment, would be [3, 4, 6]:

Av = vop — vsi = €°(4G/kop + 3ve=1/2 [é°(4G/Eop + 3)nvsio,], (2)

where ¢ — effective misfit after the HP treatment related also to additionally
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created defects (Fig. 1), G — shear modulus of Si, kop — bulk modulus of SiOy
and vsijo, — volume corresponding to one SiO5 molecule in the stress-free state [7].
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Fig. 1. Schematic draw of e changes during HP-(HT) treatment [3, 4]. HP_treatment:
Sample with initial misfit € (1) under higher HP would inidicate misfit €5, (2) of negative
sign [3]; however, additional defects are created at € = &, so misfit can not surpass this
value. After returning sample to ambient conditions (3) misfit would be higher, €§ > 5.
HP-HT treatment: OP with initial misfit €5 (1) would have misfit €§ (4) at HP and &§
(5') at HP-HT. But at € = &, (5) additional defects are created and ¢° can not surpass
this value, reaching 5" at HT. After returning sample to ambient conditions (7) misfit
at OP/Si boundary would be higher than that for initial sample (e5 > €%).

Finally it can be written [3, 4, 7] taking into account Egs. (1, 2):
Aafa x e%(co — ct)vsio, (4G /3kop + 1) — b(co — ¢¢), 3)

where b — coefficient in the formula for a dependence on co [7]. The second term in
Eq. (3) relates to the precipitation and so removing the interstitial O; atoms from
the lattice. In the case of the HP treatment at room temperature the concentration
of O; does not change and this term can be neglected.
At sufficiently high HP additional defects are created at the OP/Si boundary.
It can cause the increase of ¢ (Fig. 1) and so the change of a (Eq. (3)). This effect is
more pronounced in the case of pulsating pressures and dependent on the higher
values of €° and so on the higher shear stresses [3, 6]. This phenomenon is the
same as the one observed during thermal oxidation of Si wafers and related to
crushing of the Si protrusions at the OP/Si interface (8], moreover that in fact OP
is of plate-like shape. The self interstitials and vacancies are created; because of
negligible diffusion at room temperature such defects are localized at the OP/Si
interface. It influences also kop so its value would be higher, because of intermixing
of Si0; and Si under ”up and down” HP cycles and so the composition of OP would
be SiO,_, instead of SiOy (ksi = 98 GPa, ksio, = 40 GPa, Gs; = 68 GPa). Also
other parameters in Eq. (3) are influenced thus causing the change of a.
The ”internal pressure” [2] would be also higher in the case of more extended -
~ defects with higher misfit — OP with ”cloud” of self-interstitials and vacancies. It
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explains a decrease of I with HP. Annealing of the HP treated samples leads to
the complicated processes of annihilation of self-interstitials and vacancies and/or
to their diffusion into the bulk and to precipitation of the remaining O; atoms at
the new created nucleation centres. The diffusion and precipitation cause rise of
the a value. The value of (co — ¢¢) increases because of additionally nucleated OP,
the value of ¢¢ would be higher if dislocation loops are created [6]. The decrease
of I5 also observed after annealing supports the above conclusions. The HP-US
treated samples indicate the higher value of Ip and the lower value of asg3k as
compared to that of the samples HP treated at the same pressure. This effect is
related to enhanced annihilation of point defects created during the HP treatment
and corresponds to above discussed effect of additional annealing.

The phenomena in the HP-HT treated Cz-Si samples are more complicated
and dependent also on duration of the HP-HT treatment. Except the formation of
“new” defects and dissolution of the previously existing ones [6] the below listed
processes are of importance [4]:

; 1. At HP-lower HT the enhanced gettering causing decrease of a and « as
well as the I rise takes place. » :

2. For the HP-higher HT treated samples €° can exceed the critical value for
dislocation loops creation. For the sample returned to the ambient conditions it
results in the higher value of misfit ¢ (Fig. 1) and so of a (Eq. (3)), whereas I
remains still enhanced because of general improving of the crystal perfection.
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