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Electron paramagnetic resonance (EPR) and photoluminescence

(PL) have been used to study SiO2 films grown by thermal

oxidation of silicon substrates and possessing either a homogeneous

distribution or that close to a Gaussian one of implanted Ge

atoms. The E0

 centers connected with oxygen vacancies in SiO2

and the defects induced by replacing Si atoms in the matrix

sites by Ge ones have been identified as dominant paramagnetic

defects. Among the latter, the Ge E0 and Ge(2) centers, as well

as the germanium peroxy radical Ge PR, have been recognized.

The fact that the concentration of defects in specimens with a

homogeneous distribution of Ge atoms was an order of magnitude

lower than that in specimens with a Gaussian distribution has been

explained by a dynamic annealing of defects during the multiple

implantation. The revealed correlation between the intensity

variations of EPR spectra and PL bands peaked at 1.94, 2.00,

and 2.20 eV, which took place at annealing, testifies to that those

bands are of the defect nature. At the same time, the PL band with

a maximum at 2.32 eV, which appeared after annealing at 900
ÆC, has been connected with the formation of Ge nanocrystallites

in SiO2.

1. Introduction

Bulk germanium and silicon are indirect-gap
semiconductors with a low efficiency of interband
emission in the infra-red (IR) range, which does not
allow them to be used for the manufacture of emitters
for optoelectronic devices. However, if the dimensions of
Si and Ge crystallites are reduced to several nanometers,
a variation of a lot of properties including the energy
spectrum takes place, owing to the size quantization [1].
For example, the observation of visible PL becomes
possible because the emergence of quantum levels
in crystallites and substantial modifications of the
electronic structure that is typical of bulk materials
considerably enhance the efficiency of emission at room
temperature. For this reason, significant efforts of
researchers have been directed for the last decade at
studying the effects of size quantization and developing
the integrated optoelectronic silicon-based devices.

According to the elementary theory of size
quantization, which is based on the method of effective
mass [1], the shift ER of the conduction band edge in

a semiconductor sphere with radius R, which is smaller
than the effective Bohr radius of an exciton aB, towards
shorter waves with respect to its position in a bulk
semiconductor is equal to ER = �2h2=2�R2, where
� is the reduced effective mass of an exciton. The
effective Bohr radius of excitons in Ge, aB � 24 nm,
is larger than that in Si, aB � 10 nm, while the
effective masses of electrons and holes are smaller [2].
Therefore, more substantial variations of the electronic
structure should be expected to occur in Ge quantum
dots as compared to those in Si quantum dots similar
by dimensions. A lot of technological methods followed
by thermal annealing are used to form germanium
nanocrystallites (nc-Ge) in a SiO2 matrix: magnetron
sputtering of SiO2 and Ge plates [3], oxidation of
Si1�xGex alloys [4], molecular beam epitaxy [5], chemical
vapor deposition [6], implantation of Ge+ ions [7], and
so on. An important advantage of the last quoted
method is the exact monitoring over the concentration of
implanted atoms and the profile of their distribution in
a SiO2 matrix, and its full compatibility with industrial
microelectronic technologies. However, during the ion
implantation, there appear radiation-induced defects,
because of which the radiative recombination of current
carriers may also take place [8].

Irrespective of the method applied for synthesizing
nc-Ge in SiO2, the bands close by position have been
observed in the corresponding PL spectra. Depending
on the excitation energy, some bands of emission have
been detected in a range from near ultraviolet to near
IR (see, e.g., [7, 9]). The PL bands with energies of
4.3 and 3.1 eV are attributed to transitions between
the energy levels of a neutral oxygen vacancy in SiO2,
surrounded by two Ge atoms [7], i.e. with a defect in the
SiO2 matrix. The origin of other PL bands has not been
elucidated ultimately. For their explanation, various
authors involved the mechanisms of both the exciton
recombination under the conditions of confinement
[10] and the recombination of current carriers through
defective states at the nc-Ge/SiO2 interface [11] and in
the SiO2 matrix [12] under consideration.
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In general, the availability of defects of various
origins, including paramagnetic ones, has been supposed
in works devoted to the research of Ge+-implanted SiO2

films. Some preliminary results of EPR measurements
carried out on those objects have been reported earlier
[13,14]. This work aimed at elucidating the basic types of
paramagnetic defects and their evolution during thermal
annealing of SiO2 films, where various distribution
profiles of germanium atoms had been formed by the
ion implantation.

2. Experimental Method

The SiO2 films 500 or 1000 nm in thickness were grown
on silicon (100) plates by thermal oxidation of the latter
in the atmosphere of humidified oxygen. Specimens
with three different distribution profiles of implanted
germanium ions in the SiO2 film were investigated. In
all the cases, the profile was calculated using a TRIM-98
computer program [15]. The specimens of the first type
(I) were characterized by a homogeneous distribution
of germanium atoms in the 500-nm SiO2 film. The
distribution was created by consecutive implantations
of Ge+ ions, with the corresponding ion energy E and
the expose dose D at every stage being E1 = 150 keV
and D1 = 9:0 � 1015 cm�2, E2 = 100 keV and D2 =

5:4�1015 cm�2, E3 = 50 keV and D3 = 4:3�1015 cm�2,
and E4 = 20 keV and D4 = 2:1� 1015 cm�2. The total
dose amounted to DI = 2:08 � 1016 cm�2. Under such
conditions, the average concentration of Ge atoms at
depths of 12� 120 nm reckoned from the SiO2 surface,
according to the calculations carried out using the TRIM
program, was NGe � 3 at:%. In other specimens of
this type, the value NGe � 5 at:% was achieved by
a proportional increase of the expose dose at each
stage, with the total dose being 3:48� 1016 cm�2: The
specimens of the second type (II) had a homogeneous
distribution of Ge atoms located deeper in an oxide film
1000 nm in thickness. They underwent a three-stage
implantation procedure with Ge+ ions with the energies
and doses E1 = 400 keV andD1 = 3:0�1016 cm�2, E2 =

300 keV and D2 = 1:0� 1016 cm�2, and E3 = 200 keV
and D3 = 3:5 � 1016 cm�2 at each stage, respectively.
The total expose dose was DII = 7:5 � 1016 cm�2.
In these specimens, the average concentration of Ge
atoms at a depth of 360 nm from the SiO2 surface was
about 3 at.%. At last, in the specimens of the third
type (III), Ge+ ions with an energy of 430 keV were
implanted into the 1000-nm SiO2 film up to a dose
DIII = 4:1�1016 cm�2. In this case, the calculations gave
the distribution profile of the implanted Ge impurity

Fig. 1. Distribution profiles of Ge atoms and vacancies in a

SiO2 film implanted with Ge+ ions with an energy of 430 keV,

calculated using a TRIM-98 program. The SiO2 film density d =

2:26 g=cm�3 and the effective threshold energies for displacement

of silicon and oxygen atoms Ed = 22 eV were used in calculations

that was close to a Gaussian one (Fig. 1) with the values
of the mean projected range and straggle spread of 269
and 67 nm, respectively. The peak concentration of Ge
atoms was about 4 at.%.

The annealing procedure of implanted specimens in
a nitrogen environment was carried out consistently
within the temperature interval from 100 to 1100 ÆC

and with a step of 100ÆC. The time of annealing was
15 min.

The EPR spectra were measured using medium-size
0:5 � 3 � 15-mm3 specimens. The measurements were
carried out at room temperature, in the X-range (the
microwave frequency � � 9:4 GHz), and with a 100-kHz
modulation of the magnetic field. In order to prevent the
effects of saturation and overmodulation, the averaging
over 16 to 49 spectra was fulfilled while registering the
relatively narrow EPR lines with small intensities. In
general, the microwave power did not exceed 1 mW and
the amplitude of modulation of the magnetic field was
at most 0.06 mT during experimental measurements. In
order to compare the parameters of various specimens
and to estimate quantitatively the g-factor and the
concentration of defects, a researched specimen and a
reference one, MgO:Mn2+ with the known number of
spins, were placed together into a microwave resonator.
The number of defects was determined by comparing
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Fig. 2. EPR spectra of defects in SiO2 films with different

distribution profiles of germanium atoms (specimens of types I�

III). All spectra were measured under the same conditions at room

temperature and normalized per unit surface area of the specimen,

� = 9:441 GHz. The positions of spectrum peculiarities are marked

by vertical strokes with corresponding values of the g-factor

the double integrals of the first derivatives of the
absorption signals registered on the investigated and
reference specimens. The absolute error of the defect
number evaluated in such a way amounted to �40%.
At the same time, when comparing various specimens,
the relative error did not exceed �15%.

The PL spectra in the range from 500 to 800 nm
were registered at room temperature on a DFS-24 double
monochromator, with the emission of an Ar+ laser (� =
487:9 nm), being used for their excitation. In the range
from 360 to 600 nm, we used a nitrogen laser with
� = 337:18 nm to excite PL spectra and a KSVU-31
installation to study them.

3. Results and Their Discussion

No EPR signal was detected from those parts of the
SiO2/Si structures that did not undergo implantation.
In Fig. 2, the EPR spectra measured for all three
types of as-implanted specimens and normalized per unit
surface area of the specimen are presented. They are
composed of several lines, with an almost symmetric
line with g = 2:0005 � 0:0002 being dominating in all
of them. In the specimens of types I and II with a
homogeneous distribution of implanted Ge atoms, this

line had identical forms and almost identical amplitudes.
At the same time, it was considerably wider and more
intensive in the specimens of type III. In the course
of annealing (Fig. 3), this line acquired the form that
could be simulated by the parameters of the E0

 defect
(Fig. 4), which was connected with oxygen vacancies in
amorphous SiO2 (g1 = 2:0018, g2 = 2:0006, and g3 =

2:0003 [16]). The structure of the latter is adopted to be
represented as O3�Si�

+Si�O3, where the symbols ���,
�+�, and ��� stand for an unpaired electron, a hole, and
bonds with three separate oxygen atoms, respectively.
According to calculations [17], such a structure can arise
provided that a hole is trapped by a neutral oxygen
vacancy or an O� ion is shifted from the site. As a result,
the electron would be localized on the broken sp

3-orbital
of the Si atom, whereas the positively charged atom of
silicon located on the opposite side of the vacancy would
possess sp2 hybrid orbitals and relax into a plane of three
oxygen atoms [17].

The lines with lower intensities were distinctly
observed on the tails of the EPR spectrum of the
E0

 defect (Fig. 2). The line in the vicinity of the
value g = 1:99370 � 0:0003 was distinctly registered
in unannealed specimens of types I and II. During
annealing, its intensity decreased more slowly than that
of the spectrum of the E0

 defect did (Fig. 3,a; see also
work [14]), which allowed us to observe this line also
in specimens of type III after their annealing at 400ÆC
(Fig. 3,c). The value of 1.9937 for the g-factor means
that this line can correspond to the value g3 of the so-
called Ge E0 defect (g1 = 2:0012, g2 = 1:9954, and
g3 = 1:9937 [18]). This defect was observed in both
irradiated germanium glass [18] and an optical Ge-doped
quartz fiber [19] and is an analog of the E0 center in
SiO2. Accordingly, its structure can be represented as
O3�Ge�

+Ge�O3.
The line with g = 1:9866 � 0:0003 was observed

only in unannealed specimens of type I (Fig. 2). It may
correspond to the value g3 of the Ge(2) defect (g1 =

2:0010, g2 = 1:9978, and g3 = 1:9868 [20]), the origin of
which has not been elucidated ultimately. It is supposed
[19] that a replacement of silicon by germanium in the
SiO2 structure introduces traps for electrons, so that
the so-called fourfold coordinated germanium electronic
center Ge(2) has a structure O3�Ge

��O�Ge�O3 with
Si atoms in the following spheres. In a later work [21],
the Ge(2) center was classified as a hole trapped by
a defect, which appeared due to the formation of two
oxygen vacancies in the vicinity of a Ge impurity in SiO2

followed by pairing of two orbitals. The structure of this
center, the so-called twofold coordinated Ge atom in
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Fig. 3. EPR spectra of specimens of type II (panel a, � = 9:378 GHz) and III (b, � = 9:441 GHz): as-implanted specimens (1 ) and

specimens consistently annealed in the nitrogen environment for 15 min at temperatures of 200 (2 ), 300 (3 ), 400 (4 ), and 500ÆC (5 )

SiO2, can be represented as (�O�Ge���O�)+, where
the symbol ���� denotes coupled orbitals.

The line corresponding to g = 2:0060 � 0:0002 was
observed in specimens of types II and III (Fig. 2),
where ions were implanted into a 1000-nm SiO2 film. A
characteristic feature of this line was that its intensity
did not reach saturation as the microwave power grew
up to 100 mW and became almost twice as large after
the specimen had been annealed at 300 ÆC (Fig. 3). Such
a behavior and a position of the line are inherent to
a peroxy radical GePR in irradiated germanium glass
and GeO2 powder (g1 = 2:0020, g2 = 2:0062, and g3 =

2:0312 [18,22]), the structure of which can be represented

as O3�Ge�O�O�. In specimens of type I prepared
on the basis of 500-nm SiO2 films, on the contrary, a
very weak EPR line from a nonbridging oxygen hole
center (NBOHC) [14] (g1 = 2:0020, g2 = 2:0080, and
g3 = 2:0510 [22]), the structure of which is represented
as �Ge�O� +Si�, was observed. It was found for quartz
glass [23] that a similar PR defect appears in specimens
with a small content of OH groups as a result of the
breaking of the peroxy chain �Si�O�O�Si�, whereas the
NBOHC emerges in specimens with a high content of OH
groups as a result of the breaking of strained bonds�Si�
O�Si�. Thus, some distinctions between EPR spectra
for specimens of different types may be connected to
different contents of OH groups in oxide films possessing
different thicknesses.

It should be noted that the presence of the intensive
E0

 line in the g-factor interval 2:0020 � 1:9999 of
the spectra of unannealed specimens, where one should
expect the appearance of the characteristic lines of
defects connected with Ge, and some broadening of
lines in the vicinity of the g3 values for the Ge PR
and NBOH centers [18, 22], hampers the observation of
separate lines in EPR spectra. A considerable reduction
of the intensity and a narrowing of the E0

 line after the
annealing of the specimens simplify the simulation of the
spectra observed, as is illustrated in Fig. 4. In order to
calculate the E0

 , GeE
0, and GePR components of the

spectrum, we used the values of the g-factors quoted
above, while the distributions of the g2 and g3 values
were taken from works [24] and [18], respectively. The
ratios between the integrated intensities of the E0

 , GeE
0,

and GePR amounted to approximately 1:2:4 for the
example concerned. All the mentioned defects had been
found earlier in Ge-doped quartz glass, an optical fiber,
or, except for E0

 , germanium glass. Their observation
in the EPR spectra of unannealed implanted SiO2 films
indicates that Ge atoms were built abundantly into the
matrix instead of Si atoms without thermal activation.
Earlier, it was evidenced by IR absorption and X-ray
photoelectron spectroscopy measurements [25].

Important conclusions can be drawn by analyzing the
quantitative results concerning the concentration of
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Fig. 4. The EPR spectrum of a specimen of type II annealed

at 300 ÆC (1 ). The frequency � = 9:378 GHz, the temperature

of observation T = 300 K. The calculated spectrum (2 ) is a

superposition of the components from three defects: the E0

 (3 ),

Ge E0 (4 ), and Ge PR ones (5 ). The spectroscopic parameters of

simulation are quoted in the text

Fig. 5. PL spectra (Eex = 2:54 eV) of Ge+/SiO2/Si structures

of types II (a) and III (b): an as-implanted specimen (1 ) and

specimens consistently annealed in the nitrogen atmosphere for

15 min at temperatures of 200 (2 ), 300 (3 ), 400 (4 ), 500 (5 ), and

900 ÆC (6 )

defects in unannealed and annealed specimens. Some
experimental parameters of implanted specimens and
those calculated with the help of a TRIM computer
program are quoted in the Table. Considering the table
data, two points attract attention. It is, first, close values
of the total numbers of paramagnetic (PM) defects
per unit surface area NS in specimens of types I and
II with NGe � 3 at:%, in spite of the fact that the
homogeneous distribution of Ge in specimens of type II

was created by applying the considerably larger energies
and doses of implanted ions. We note that, for specimens
of type I with different doses of implantation, a definite
proportionality was revealed, namely, the value of NS

for a specimen with NGe � 5 at:% is half as much again
as for a specimen with NGe � 3 at:%. Secondly, it is
the value of NS for the specimens of type III, which

was almost one order of magnitude larger than that for
the specimens of type II, provided that the total dose of
implanted ions into the former was almost half as much
and the doses of high-energy ions were close. It is also
worth noting that, besides vacancies that were created
when high-energy ions collided elastically with nuclei,
additional defects arose in SiO2 in the course of energy
loss of those ions by electron excitation (for example, it
was equal to about 30% in the case of Ge+ implantation
with E = 430 keV). The defect formation efficiency
in inelastic processes was two orders of magnitude as
low, but they can also result in the breaking of Si�O
bonds [26].

A high-dose implantation may lead to the formation
of a considerable number of defects and their associates

Some experimental and theoretical (designated by *) parameters of unannealed specimens Ge+/SiO2/Si. Theoretical

parameters were calculated making use of a TRIM program

Specimen type Energy of ions Ge+ Total dose Vacancy distribution* Number of PM defects Concentration of PM defects*

E, keV D�, cm
�2 �Xd, nm NS , cm

�2 NV , cm
�3

I 150 + 100 + 50 + 20 2:1� 1016 101 1:6� 1015 1:6� 1020

II 400 + 300 + 200 7:5� 1016 287 2:0� 1015 7:0� 1019

III 430 4:1� 1016 269 1:5� 1016 5:6� 1020
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in both the paramagnetic and diamagnetic states [27].
In addition, a reduction of the number of vacancies
may occur by their annihilation while interacting with
interstitial atoms. The so-called dynamic annealing
of defects, which was not taken into account in a
TRIM program, may occur during the implantation
owing to an elevated temperature. For specimens of
all types, the ion current density that was used in the
course of implantation did not exceed 0.03 �A=cm

�2
.

The corresponding supplied thermal power was rather
insignificant to heat up a specimen. According to the
estimations carried out with the use of the formulae of
work [27], even when implanting ions with an energy of
430 keV, the temperature of a specimen cannot raise
by more than 15 ÆC. At the same time, a local rise
of the temperature stimulated by accidental cascades
of collisions was quite probable provided that the heat
conductivity of SiO2 is low. Concerning the possible
annihilation of defects, when a specimen was being
stored at room temperature, we know only the literature
data regarding the low-temperature annealing of E0

and NBOHC defects due to the diffusion of molecular
hydrogen after irradiation of fused quartz at 130 K [23].

The EPR studies testified to that a substantial
reduction of the number of paramagnetic defects
occurred as a result of the multiple implantations carried
out to create a uniform distribution profile of dopants.
It is known [27] that the maxima of distributions of
radiation-induced damages Xd and implanted atoms Rp

do not coincide. For example, it followed from TRIM
calculations (Fig. 1) that, in the case of the implantation
of Ge+ ions with the energy E = 430 keV into SiO2, the
relation Xd � 0:6Rp was actual. As is seen from Fig. 1,
a recession of the damage distribution curve towards
the surface is characterized by a very sluggish gradient,
so that the concentration of vacancies near the surface
amounts to 70% of the peak value. It allowed us to divide
the damaged area of the SiO2 film conventionally into
two layers, nonsaturated and saturated with implanted
atoms, both being approximately equal by volume.
Judging from a reduction of the number of defects in
specimens of type II as compared with that in specimens
of type III, it is possible to suggest that in the course
of the further cascades of collisions of implanted ions
possessing a lower energy in the previously nonsaturated
layer, the formation of new defects was accompanied by
their more effective dynamic annealing. The latter was
promoted by a relative increase of the energy that was
supplied to the phonon subsystem, i.e. was spent for
heating the matrix, as the energy of ions diminished.
At last, a reduction of the number of defects might

also be favored by a replacement of vacant sites of the
lattice by implanted atoms, which our observations of
paramagnetic defects connected with Ge in unannealed
specimens evidenced for. In general, when creating a
uniform profile of the impurity distribution by multiple
ion implantations, the sequence with the descending
order of ion energies is preferred. For a crystal matrix, it
occurs first of all because of the following fact. If a series
of implantations was carried out with the descending
order of ion energies, a consecutive damage of the
surface layer would take place, which might result in the
scattering of high-energy ions into channeling directions
(see, e.g., [28]). Surface sputtering is another factor that
can result in a loss of impurities implanted preliminary
at low energies. As follows from our results, multiple
implantations with the consecutive decreasing of the ion
energy also led to a substantial decrease of the defect
concentration.

The values of the bulk concentration of defects NV ,
which are presented in the Table, are evaluative and
were calculated using their experimentally determined
number NS and the average width �Xd of the vacancy
localization region by the relation NV = NS=�Xd.
The value of �Xd was selected, according to TRIM
calculations, as a width of the vacancy distribution at
its half maximum. The results of such an estimation
of the bulk concentration NV make clear a significant
broadening of the E0

 spectra in unannealed specimens,
especially those of type III. Similarly to the case of
SiO2 films implanted with Si+ ions [8], a contribution
of the dipole-dipole interaction between nearly located
pairs to the width of the EPR line and an influence of
the stresses that arise when implanted layers become
oversaturated with vacancies and interstitial atoms on
the distribution of g-factors [29], were considerable at
such high concentrations of defects. The annealing of
specimens led to a gradual reduction of the concentration
of defects, which had an expressive effect, first of all, on
the width of the most intensive line E0

 (Fig. 3).

Distinctions between specimens of different types
and a certain correlation with EPR data were also
observed for PL spectra. Similarly to works [7, 30], a
band with the maximum of about 2.93 eV was registered
in the PL spectra of unannealed specimens of all three
types; the specimens were excited by the emission of a
nitrogen laser (E = 3:68 eV). In accordance with the
results of work [7], as the annealing temperature of the
specimens grew up to 500ÆC, the intensity of this band
increased considerably. The further annealing resulted
in a gradual reduction of the PL intensity, and the
band was not observed any more after the annealing

ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 6 615



V.Ya. BRATUS', M.Ya. VALAKH, E.G. GULE et al.

at a temperature of 1000 ÆC. Concerning the nature
of this band, the authors of work [7] assign it to a
neutral oxygen vacancy surrounded by Ge and Si atoms
in various combinations, while the authors of work [30]
do with a neutral twofold coordinated germanium center
�O�Ge���O�. The validity of the last assumption has
been proved in the later work [21].

It is worth noting that, in the case of PL excitation by
the emission of a nitrogen laser, only the band with the
maximum near to 3.0 eV was observed in the spectrum,
while the bands in the range of 1:9 � 2:2 eV did not
appear. If the as-implanted specimens were excited by
the emission of an argon laser with the energy of 2.54 eV,
two intensive bands with maxima at 2.20 and 1.94 eV
were registered in the PL spectra of the specimens
of types I and II (Fig. 5,a), and an intensive band
with the maximum at 2.00 eV was observed for the
specimens of type III (Fig. 5,c). As one can see from
Fig. 5, the annealing of implanted films resulted in a
gradual diminishing of the intensity of the indicated PL
bands, and, after the annealing at Ta � 600ÆC, they
were not registered any more analogously to the EPR
spectra.

A correlation between intensity changes of the PL
and EPR spectra during the annealing of specimens
evidences for the defective nature of those bands.
Another argument, which supports such a conclusion,
is the fact that an analogous correlation takes place
between the PL band and the most intensive component
E0

 of the EPR spectra of the SiO2 films of type III
and the SiO2 films implanted with Si+ ions with the
energy E = 150 keV and the dose D = 9:0� 1016 cm�2,
provided that the annealing temperature was less than
700ÆC. According to TRIM calculations, the profiles of
vacancy distribution and vacancy concentration, as well
as the widths of the layers nonsaturated with Ge or

Si atoms, had to be close. It allowed us to relate the
PL band at 2.0 eV to the recombination of radiation-
induced defects exactly in the subsurface nonsaturated
SiO2 layer.

The higher concentration of Ge atoms and defects
connected to them in specimens of types I and II
probably stimulated the PL spectrum with two maxima
(Fig. 5). Using the results of X-ray photoelectron
spectroscopy measurements carried out for Ge+-
implanted SiO2 films, the presence of Ge�O bonds was
revealed in the GeO and GeO2 phases [31]. The further
annealing resulted in a substantial growth of the number
of Ge�Ge bonds and a simultaneous decrease of the
number of Ge�O ones. Quantitative and qualitative
modifications of the structure of defects, which occurred

in the course of the decay of the unstable phase GeOx

and the precipitation of Ge atoms, can be the reason
for those variations that were observed in PL spectra.
In general, the majority of PL bands in irradiated SiO2

are related to the recombination through diamagnetic
defects; only the band at 1.9 eV is connected with a
paramagnetic NBOHC [23]. As was mentioned above,
we observed a weak signal from the NBOHC only in an
unannealed specimen of type I.

After the further annealing of specimens of all the
types at a temperature above 900ÆC, a band with
the maximum at about 2.32 eV appeared in the PL
spectra. We associated this band with the formation
of Ge nanocrystallites in the SiO2 matrix. Indeed,
as our study of Raman scattering showed [13], after
the specimens had been annealed at Ta = 900 ÆC,
a characteristic band of Ge�Ge bond vibrations in
germanium nanocrystallites, the average dimension of
which was equal to 4.5 nm by estimations, appeared in
the spectra. Concerning the nature of the PL band, a
substantial shift of the maximum of the PL spectrum
from 2.1 to 2.4 eV, which accompanied a diminishing
of the nc-Ge average size from 8 to 4 nm, allowed the
band to be related to the recombination of electron-
hole pairs in the quantum dots themselves [3], whereas
the results of relaxational measurements [30] yield that
there are recombination centers at the nc-Ge/SiO2

interface.

Thus, SiO2 films with a uniform distribution of Ge
implanted atoms and that close to a Gaussian one
have been studied in this work using the EPR method.
It has been found that the dominant paramagnetic
defects are the E0

 centers related to the oxygen vacancy
in SiO2 and the defects resulted from occupying the
matrix sites by Ge atoms instead of Si ones. Among
the defects, the Ge E0 and Ge(2) centers as well as a
germanium peroxy radical Ge PR have been recognized.
The content of defects in specimens with a homogeneous
distribution of Ge atoms, which is lower by one order of
magnitude as compared with that in specimens with a
Gaussian distribution, can be explained by assuming the
dynamic annealing of defects in the course of multiple
implantations. The correlations observed in the course
of annealing between the intensity variations of the
EPR spectra and the PL bands with maxima at 1.94,
2.00 and 2.20 eV testify to that those bands have the
defective origin. At the same time, the PL band with the
maximum at 2.32 eV, which appears after the annealing
of specimens at 900 ÆC, has been related to the formation
of Ge nanocrystallites in SiO2.
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ÅÏÐ ÒÀ ÎÏÒÈ×ÍI ÄÎÑËIÄÆÅÍÍß IÌÏËÀÍÒÎÂÀÍÈÕ

IÎÍÀÌÈ ÃÅÐÌÀÍIÞ ÏËIÂÎÊ SiO2

Â.ß. Áðàòóñü, Ì.ß. Âàëàõ, �.Ã. Ãóë¹, Ñ.Ì. Îêóëîâ,

Â.Î. Þõèì÷óê

Ð å ç þ ì å

Ìåòîäàìè åëåêòðîííîãî ïàðàìàãíiòíîãî ðåçîíàíñó (ÅÏÐ) òà

ôîòîëþìiíåñöåíöi¨ (ÔË) äîñëiäæåíî âèðîùåíi òåðìi÷íèì îêèñ-

ëåííÿì êðåìíi¹âèõ ïëàñòèí ïëiâêè SiO2 ç ðiâíîìiðíèì òà

áëèçüêèì äî ãàóññîâîãî ïðîôiëÿìè ðîçïîäiëó iìïëàíòîâàíèõ

àòîìiâ Ge. Âèçíà÷åíî, ùî îñíîâíèìè ïàðàìàãíiòíèìè äåôåê-

òàìè ¹ öåíòðè E0

 , ïîâ'ÿçàíi ç âàêàíñi¹þ êèñíþ â SiO2, à òà-

êîæ äåôåêòè, çóìîâëåíi çàìiùåííÿì àòîìàìè Ge àòîìiâ Si â

âóçëàõ ìàòðèöi. Ñåðåä íèõ iäåíòèôiêîâàíî öåíòðè GeE0, Ge(2)

òà ãåðìàíi¹âèé ïåðîêñèäíèé ðàäèêàë (GePR). Äèíàìi÷íèì âiä-

ïàëîì äåôåêòiâ ó ïðîöåñi áàãàòîñòóïåíåâî¨ iìïëàíòàöi¨ ïîÿñ-

íþ¹òüñÿ òå, ùî êîíöåíòðàöiÿ äåôåêòiâ ó çðàçêàõ ç ðiâíîìið-

íèì ïðîôiëåì ðîçïîäiëó àòîìiâ Ge íà ïîðÿäîê âåëè÷èíè ìåíøà

ïîðiâíÿíî çi çðàçêàìè ç ãàóññîâèì ïðîôiëåì. Âèÿâëåíà â ïðî-

öåñi âiäïàëó çðàçêiâ êîðåëÿöiÿ ó çìiíi iíòåíñèâíîñòåé ñïåêòðiâ

ÅÏÐ òà ñìóã ÔË ç ìàêñèìóìàìè 1,94; 2,00 òà 2,20 åÂ âêàçó¹

íà òå, ùî öi ñìóãè ìàþòü äåôåêòíó ïðèðîäó. Âîäíî÷àñ ñìóãà

ÔË ç ìàêñèìóìîì 2,32 åÂ, ÿêà ç'ÿâëÿ¹òüñÿ ïiñëÿ âiäïàëó ïðè

900 ÆÑ, ïîâ'ÿçàíà ç óòâîðåííÿì íàíîêðèñòàëiòiâ Ge â SiO2.
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