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In the present work infrared (IR) spectroscopy measurements are taken on Ge-doped silicon samples
irradiated by 2 MeV electrons to study the thermal evolution of VO defects and VO2 complexes upon
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annealing. The annealing behavior of these radiation defects was found to be complicated in the presence
of Ge. The main reaction VO + Oi → VO2 leading to annealing of VO defects and formation of VO2 complexes
turned out to be sensitive to concentrations of Ge impurity atoms in Czochralski grown silicon. These
processes are discussed in some detail. Moreover, the rates of annealing reactions associated with self-
interstitials can also be enhanced in silicon materials doped with Ge. The effects observed are most likely
related to elastic strains due to Ge impurity atoms in the silicon lattice.
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. Introduction

At present silicon is most extensively employed in a wide variety
f electronic devices. However, modern electronics and microelec-
ronics based on Si materials face up some problems in the field of
igh speed operation and low noise levels as well as the steadily

ncreasing demand for higher radiation hardness and thermal sta-
ility. All these problems, coupled with great request for lower
roduction costs, generate a pressing need for creating new mate-
ials. In this respect, doping of silicon with isovalent impurities,
rst of all, substitutional C and Ge, attract considerable interest.
hese impurities are electrically inactive in the silicon lattice and,
ence, they have no significant influence on electrical parameters of
aterials. However, they can strongly interact with intrinsic point

efects, i.e. vacancies and self-interstitials, because of elastic strains
n the crystal lattice related to the mismatch of their atomic size as
ompared to that of host atoms. This property of isovalent impu-
ities can be used to affect and somehow modify interactions of
oint defects during crystal growth as well as under irradiation and
nnealing.

Oxygen is another important impurity in silicon, inadvertably

dded in crystals during growth from the melt in quartz crucibles,
e by the Czochralski technique (Cz-Si). These impurity atoms are
lectically inactive. However, they can form a variety of complexes
n Si while aggregating upon annealing or interacting with intrinsic

∗ Corresponding author. Tel.: +30 210 7276726; fax: +30 210 7276711.
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oint defects under irradiation conditions. In radiation experiments
n Cz-Si at room temperature the interstitial oxygen atoms Oi are
ost effective trapping sites for vacancies giving rise to the appear-

nce of oxygen-vacancy complexes, labelled the A-centers [1]. It is
nown that at low-temperature irradiation oxygen atoms also trap
elf-interstitials forming O-SiI pairs [2]. However, these pairs disso-
iate slightly above room temperature, so their influence is believed
o be subsidiary at T ≥ 300 K. In contrast, the A-centers are stable
t room temperature and they are annealed out around T ≈ 300 ◦C.
heir annealing behaviour is rather complicated, since there is not
unique reaction path of disappearance of VO defects [3]. Actually,
obile VO pairs can be captured by isolated oxygen atoms, in accor-

ance with the reaction VO + Oi → VO2. The local vibrational modes
f the VO and VO2 defects are well-known, in particular bands at
30 and 887 cm−1 for the neutral VO defect and the VO2 defect,
espectively. Along with this way of defect annealing, the disappear-
nce of A-centers can also take place when a mobile self-interstitial
ii encounters a VO defect VO + Sii → Oi [3].

On the other hand, it is common knowledge that the introduc-
ion of isovalent Ge atoms into the silicon lattice gives rise to local
ompressive strains at Ge sites because of their larger tetrahedral
ovalent radii. This, in turn, results in the emergence of additional
ffective traps for mobile vacancies [4]. Taking the both factors into
onsideration one can expect that the formation and annealing

rocesses of oxygen-vacancy complexes should be sensitive to the
e presence, though the Ge-vacancy complex is not so stable as

he A-center. In the development of our earlier paper [5] the aim of
his work is to investigate in detail the annealing behaviour of VO
nd VO2 defects in Ge-doped Cz-Si with various Ge concentrations.

http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:hlontos@phys.uoa.gr
dx.doi.org/10.1016/j.mseb.2008.09.043
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. Experimental

There are three groups of samples. As a reference the first group
ithout Ge contained samples of Cz-Si whose oxygen and carbon

oncentrations before irradiation were [Oi]o = 9.45 × 1017 cm−3

nd [Cs]o < 2 × 1016 cm−3, respectively. Other two groups of
e-doped Cz-Si labelled Cz-Si:Ge-1 ([Oi]o = 6.5 × 1017 cm−3,

Cs]o < 2 × 1016 cm−3, and [Ge] = 7 × 1017 cm−3) and Cz-
i:Ge-2 ([Oi]o = 7.7 × 1017 cm−3, [Cs]o = 1.2 × 1017 cm−3, and
Ge] = 2 × 1020 cm−3) consisted of samples with the increasing
oncentration of Ge. The samples of 2 mm thick were mechanically
olished. They were irradiated with 2 MeV electrons at a dose
f 5 × 1017 cm−2 using the Dynamitron at Takasaki-JAERI. The
rradiation temperature did not exceed 95 ◦C. Afterwards, the
amples were subjected to isochronal annealing up to T = 650 ◦C,
n steps of �T ≈ 10 ◦C and �t = 20 min. After each annealing step
R spectra were recorded by means of FTIR spectroscopy at room
emperature, the resolution being of 1 cm−1. The two-phonon
bsorption was always subtracted by using a reference float-zone
ample of the same thickness.

. Experimental results and discussion

In the current work we intended to study the effect of Ge dop-
ng in silicon on the thermal evolution of the VO and VO2 defects.
o this end we used samples with relatively low Ge content, with
igh Ge content, as well as samples without Ge, for comparison
urposes. The used samples had different initial oxygen [Oi], and
arbon [Cs] concentrations. These differences are expected to affect
he concentration of the VO and VO2 defects but not, to the best of
ur knowledge, the annealing temperature of the VO defect and
he growth temperature of the VO2 defect, which was the main
bjective of this work.

Fig. 1a and b displays the IR spectra at several selected temper-
tures over a region of 800–900 cm−1 for the reference Cz-Si and
z-Si:Ge-2, respectively. In this spectral region there are the both
ands of interest, at 830 cm−1 for the VO defect and at 888 cm−1

or the VO2 complex. Going from Fig. 2a–c one can see the ther-
al evolution of the VO, VO2 and Oi bands for the reference Cz-Si,

z-Si:Ge-1, and Cz-Si:Ge-2, respectively. Prior to proceed with the
iscussion of the results, some information concerning the depicted
urves should be given. The experimental errors in the IR spec-
roscopy measurements are of the dimensions of the points of the
epicted curves. Since the oxygen concentration is more than one
rder of magnitude larger than those of the VO and VO2 defects, in
rder to show their thermal evolution on the same figure, the ver-
ical axis in Fig. 2 were broken and two arbitrary units were chosen.
ne for the VO and VO2 defects and one for the Oi defect. The lat-

er was about one order of magnitude larger than the former. It is
lso important to note at this point that, as the temperature was
aised in the course of the isochronal anneal sequence, the shape of
he 830 cm−1 band of the VO defect was distorted at elevated tem-
eratures by the emergence of sidebands of various VmOn defects:
2O2 (824 cm−1), V3O2 (833 cm−1) and V2O (839 cm−1) [6]. The
ontribution of each one of the above bands was recorded by doing
omputer deconvolution using Lorenztian profiles as described pre-
iously [6]. The presented data in Fig. 2 for the evolution of the VO
efect represent the net contribution of the 830 cm−1band

As is clearly seen from Fig. 2c, the emergence of the 887 cm−1
and occurs at markedly lower temperatures in the Cz-Si:Ge-2
ample than that in the reference one without Ge. In actual fact,
his band begins to appear at T ≈ 290 ◦C for the reference Cz-Si, at
≈ 280 ◦C for the Cz-Si:Ge-1, and at T ≈ 250 ◦C for the Cz-Si:Ge-
. In our previous paper [5], we have preliminary stated that the

i

c
b
p

ig. 1. Infrared absorption spectra in the spectral range of VO defects and VO2 com-
lexes for the reference Cz-Si sample without Ge (a) and the heavily Ge-doped
z-Si:Ge-2 sample (b). Irradiation dose of 2 MeV electrons, ˚ = 5 × 1017 cm−2. The
emperatures of spectra recording are indicated.

rowth of the VO2 band takes place nearly at the same temper-
ture, both in lightly and heavily Ge-doped Cz-Si. However, the
etailed IR measurements in the present work revealed that this
emperature decreases with the increasing Ge concentration. From
his, it follows that Ge impurity atoms being present in high con-
entrations in Cz-Si can significantly enhance the formation rate
f VO2 complexes upon annealing. It is well known [7,8] that the
ormation of the VO2 complexes results from the capture of diffus-
ng VO defects by isolated oxygen atoms, in accordance with the
eaction VO + Oi → VO2 where a vacancy-oxygen pair diffuses as an
ntity in the crystal lattice until it encounters any oxygen atom
eing immobile at temperatures around T ≈ 290 ◦C. The enhanced
ate of this reaction in Cz-Si:Ge is thought to be due to compressive
trains in the Si lattice induced by Ge impurity atoms. Actually, the-
retical calculations suggest that the energy barrier for diffusion of
acancy-impurity pairs in Si under compressive stresses is reduced
nd, as a result, the diffusivity of vacancy-type defects is expected
o be increased [9]. Thus, the reaction VO + Oi → VO2 occurs at lower
emperatures and the growth of the VO2 band makes itself evident
n IR spectra. Preliminary measurements showed that even for Cz-
i with lower Ge concentrations of about 1 × 1018 cm−3 this effect

s still detectable.

Further inspection of Fig. 2c reveals that in Cz-Si with high
oncentrations of Ge impurity atoms VO defects start to decay
efore the appearance of VO2 complexes becomes much more
ronounced. We suggest that this decay is most likely associated
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Fig. 2. Thermal evolution of Oi , VO and VO2 defects in the Cz-Si (a), Cz

ith the reaction VO + Sii → Oi. At these temperatures the self-
nterstitials can be emitted from small clusters of interstitial type
ormed during electron irradiation of Cz-Si [10]. Again, such an
ffect is believed to be enhanced in the presence of Ge atoms in
igh concentrations. They induce compressive strains in the crys-
al lattice and, as result, the release of self-interstitials in Cz-Si:Ge
hould start at lower temperatures as is observed in Cz-Si. What is
ore, Ge atoms act as effective temporary traps of vacancies during

lectron irradiation, thus reducing the rate of indirect annihilation
f primary defects. Therefore, the concentrations of interstitial-
ype complexes and clusters in irradiated Cz-Si:Ge is expected to
e larger as compared to those in Cz-Si under similar irradiation
onditions. The fact that a noticeable increase in the concentration
f Oi is seen in IR spectra over the temperature range discussed is
lso consistent with this way of arguing, see Fig. 2c.

Of course, one should take into consideration that the VO cen-
ers diffusing through the lattice can also be captured by Ge atoms,
specially in the Cz-Si:Ge-2 where the Ge concentration is about
wo orders-of-magnitude higher than that of oxygen. Based on

he data published in literature [11], the sidebands at 834.6 and
39.2 cm−1 attributed to such perturbed VO centers are very close
o the main VO band at 830 cm−1, so it was impossible for us to
eparate their contributions. This may be done only for Cz-Si:Ge
ith Ge concentrations in mid 1020 cm−3.

a
a
a
a
l

-1 (b), and Cz-Si:Ge-2 (c) over the temperature range of T = 50–550 ◦C.

The thermal evolution of VO defects and VO2 complexes in
rradiated Cz-Si:Ge has revealed another important feature of the
efect annealing. Upon further heating up to T = 410 ◦C, the concen-
ration of VO2 complexes is still increasing, even after the complete
isappearance of VO defects in IR spectra at T ≈ 375 ◦C. This effect

s much more pronounced in CZ-Si:Ge with large concentrations of
e; see for instance Fig. 2c. Apparently, another production reac-

ion of VO2 complexes takes place at these temperatures. It is highly
lausible that an additional increase in the concentration of VO2
omplexes is caused by formation of oxygen dimers at the tem-
eratures under consideration. As a result, another reaction path
Oi)2 + V → VO2 becomes efficient [12]. Below some arguments in
avor of this modeling are given.

It is well known that the diffusivity of isolated oxygen atoms
n Si is characterized by an activation energy of 2.5 eV. However,
he formation of oxygen-related thermal donor defects in Cz-Si as
result of oxygen aggregation at T ≈ 450 ◦C [10] is governed by a

ubstantially lower activation energy of about 1.8 eV. It has been
stablished [9] that this process of oxygen aggregation is mostly

ssociated with diffusion of oxygen dimers formed over a temper-
ture range of T ≈ 350–470 ◦C [13,14]. In contrast to isolated oxygen
toms, the dimers turned out to be much faster diffusing species
nd their diffusivity is characterized by an activation energy slightly
ess than 1.5 eV [13]. Moreover, it has also been found that the
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iffusivity of oxygen atoms in Cz-Si in the temperature range dis-
ussed can be greatly enhanced under compressive stresses [15].
similar effect is also expected for Ge-doped Cz-Si because of iso-

lectronic Ge atoms having a larger tetrahedral covalent radius than
hat of host atoms. As a consequence, an additional formation of
O2 complexes can take place with the involvement of divacancies
t temperatures around T ≈ 350 ◦C via the following reaction paths
2 + O2 → V2O2 + SiI → VO2 and V2 + SiI → V + O2 → VO2. These new
ays of formation of VO2 defects is marked off by a change in the

lope of the evolution curve; see for instance Fig. 2c.

. Conclusions

We have studied the influence of Ge doping on the thermal evo-
ution of VO defects and VO2 complexes in electron-irradiated Cz-Si.
t has been found that the reaction VO + Oi → VO2 leading to for-

ation of VO2 complexes runs at markedly lower temperatures in
e-doped materials, so the higher is the Ge concentration, the lower

s the temperature at which their formation occurs. Moreover, in
z-Si:Ge with large Ge concentrations the decay of the VO band

s observed at even lower temperatures, before the growth of the
O2 band becomes noticeable. This annealing stage of VO defects is
ttributed to the reaction VO + SiI → Oi. In addition, the concentra-

ion of VO2 complexes is still increasing even after the complete
isappearance of VO defects. Such additional formation of VO2
omplexes is ascribed to the reactions V2 + O2 → V2O2 + SiI → VO2
nd V2 + SiI → V + O2 → VO2. All the above-mentioned reactions
hat govern the thermal evolution of VO defects and VO2 complexes

[
[
[

[

gineering B 154–155 (2008) 133–136

re influenced by the presence of Ge in Cz-Si. The reaction rates can
e enhanced because of compressive strains in the crystal lattice
ue to Ge impurity atoms.
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