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Anncaling of Czochralski grown Si-Ge single erystals at high
temperature (HT) under enhanced hydrostatic pressure (HP)
affects their structure. Microstructure and homogeneity of Cz-
Si-Ge samples with ¢e. < 8 at.% were evaluated by X-ray (Bond
method and reciprocal space mapping), infrared, synchrotron
and related measurements, after annealing for up to 10 h at up
to 1400 K under HP £
stimulated clustering of oxygen interstitials  and assists in
improvement of initial non-homogeneity ot Ge distribution.

I. INTRODUCTION

Silicon-germanium single crystals (Si-Ge) are of wide interest,
especially for application in optoelectronics. In the case of
Czochralski grown (CZ) single crystalline Si-Ge, containing a
few at.% of Ge, it not distributed uniformly so different nano-
and micro-defects are formed within the Si-Ge bulk [1]. As
stated recently [2], such defects can be substantially affected by
annealing the Si-Ge samples at high temperature (HT),
especially under enhanced hydrostatic pressure (HP) [3].

The cffect of HT-HP on single crystalline Si-Ge with
relatively high content of oxygen interstitials is now
investigated.

2. EXPERIMENTAL

The p-type (hole concentration =1I. 310 em™) :,innle
crystailine (111) oriented $i-Ge samples containing 1.8-8 at.%
of Ge. with interstitial oxygen (O;) concentration. ¢,=(0. 8—
1.2)x10"™ em™*, were cut from Czochralski grown Si-Ge rods.

Mext the SI Ge samples of about 8x6x(0.5 2}mm dimension
were annealed in Ar atmosphere, typically for 5 h, at up to
1400 K under 10° Pa (atmospheric pressure) or HP=1.1-1.2
GPa.

The as-grown and HT-HP procéssed Si-Ge samples were
investigated by X-ray (Bond method and reciprocal space
mapping). synchrotron {at HASYLAB DESY), infrared, and
refated methods.

1.1 GPa. HT-HP processing results in

Fig. I. White beam section (A} and projection {B) topographs
ol as-grown Si-Ge.
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Fig. 2. XRRSMs of Si-Ge: A - processed for Shoat 1270 K
under 1.2 GPaand B - processed for 10 hat 1000 K under 10°
Pa and, subsequently, for 5 h at 1270 K under 1.2 GPa (¢, =
6.5x10" cm'-“)_

3.RESULTS AND DISCUSSION

In what follows typical results concerning the Si-Ge samples
with o =18 ar% are presented.

Dislocations. slip bands and striations, evidencing non-
uniform distribution of Ge and its segregation. were revealed in
the as-grown Si-Ge samples, also by synchrotron topography
(Fig. ).

Processing of Si-Ge for 5 h at 1270:/1400 K resulis in

volume HP-dependent precipitation of oxygen interstitials.
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Fig. 3. White beam projection sectional (A) and projection (B)
topographs of Si-Ge processed for 5 h at 1400 K under 1.1 GPa
(cs = 5.3x10" em™).
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Fig. 4. 20/ w scans (111 reflection, triple axis configuration of
X-Ray diffractometer) of Si-Ge: (1) as-grown, (2) processed
for 5h at 1400 K under 10° Pa (Ac, = 3.2x10"" em™) and (3)
processed under 1.1 GPa (A¢, = 6.7x10" em™).

After the treatment of Si-Ge at 1270 K under 10° Pa and
1.2 GPa, a decrease of ¢, was, respectively, 3.5x10'7 em™ and
7.5%10"7 e,

Such processing produces numerous nano-dimensional
clusters (Fig. 2A).

" The same treatment of the samples pre-anncaled at 1000 K
under 10° Pa resulted in less pronounced X-Ray diffuse
scattering, probably evidencing decreased dimension of newly
created oxygen precipitates or/and their lowered concentration
{Fig. 2B).

Annealing of Si-Ge a1 1270 K / 1400 K under 10° Pa exerts
minor effect on its microstructure, contrary to the casc of
processing under HP (Figs 3, 4).

The samples processed at 1400 K under HP present similar
striations and slip bands as these observed in the as-grown
samples (compare Figs 3 apd 1).  Still the Si-Ge sample
processed at 1400 K under HP is of a little improved
homogeneity (Fig. 3A). As follows from XRRSM's (not
presented), the intensity of scartered X-Rayvs tends to decrease
for Si-Ge processed at 1400 K under 1P also evidencing
improved homogeneity (compare Fig. 2).

Processing of 5i-Ge at HT (HP) affects nano-dimensional
Ge-contaiming non-homogeneities produced at growth of the Si-
Ge rods [1. 2). These non-homogeneities dissolve partially in
the matnix at processing. This is related to enhanced diffusivity
of Ge atoms at HT- HP [4].

Processing of oxvgen-rich Si-Ge affects also the ¢, value
because of O,'s precipitation producing nano-dimensional sub-
stoichiometric Si0., clusters as well as other defects.
among them the extended ones [5]. The lartice parameter, «. of

cubic as-grown Si-Ge sample, determined from the 2G/m

scans (Fig. 4) is lower than that calculated from the Vegard law

(that last assumes the linear dependence of o on the Ge

concentration) [5]. This confirms that part of Ge admixture is

contained in Si-Ge in the form of Ge-enriched clusters.

Processing of Si-Ge at 1270 K_ both under 10° Pa and 1.1
GPa, results in an increase of Ag (A2 = Gy psend = ungrows) TOT
about 0.00005 nm (Aq determined at 293 K). Processing at 1400
K under 10° Pa resulted in even more increased ik, A =
0.0001 nm (compare Fig. 4). Thesc observations can be
considered as proving dissolution of Ge-enriched clusters in the
Si-Ge matrix. On the other hand. the value of @ of the Si-Ge
sample processed at 1400 K under 1.1 GPa (such treatment
results in especially high percentage of precipitated O;'s - see
the Fig. 4 caption) remains unchanged (Aa=0).

It 15 known that processing of oxygen-containing CZ-Si at
HT-HP is associated with the decrcased « value resulting from
removal of O;'s from the lattice (the presence of O,'s results in
the increased, ¢, — dependent value of o).

So the treatment of Si-Ge at HT under 107 Pa / HP cxerts
complex effects on its nanostructure. related. among other
factors, to:

- dissolution of nano-dimensional Ge-enriched clusters in the
Si-Ge matrix. dependent on HT, 1P and annealing nme,
and

- precipitation of interstitial oxygen with a creation of nano-
dimensicnal clusters composed of sub-stoichiometric silicon
dioxide.

4. CONCLUSIONS

In general, HT-HP processing of single crystalline oxygen-
containing CZ-grown Si-Ge results in stimulated clustering of
oxygen interstitiuls  and seems 1o assist in partial healing of
initially present non-homogeneity of Ge distribution.

In view of important role of single crystalline Si-Ge in
modem microelectronics and optoclectronics, determination of
the effect of high temperature: pressure on its structure deserves
extended tuture rescarch.
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