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Abstract. The microscopic identification of a defect, i.e. its chemical nature, its physical structure
and its geometrical configuration, is one of the most important aims of semiconductor research. In
relation to that, a characteristic fingerprint of a defect is its corresponding Localised Vibrational
Mode (LVM) signals in the IR spectra. Inversely, from the LVM frequency of a defect signal we get
information for its structure. In this work, we mainly present infrared absorption measurements of
irradiation-induced defects in Cz-grown Si. The work is primarily focused on oxygen vacancy-
related defects formed in oxygen rich Si upon irradiation with subsequent thermal annealing. First,
the structural properties of the various multivacancy-multioxygen (V.Om) defects, chiefly known
from EPR studies, are reviewed. Certainly, direct correlations of LVMSs bands with defects is a
difficult task and theoretical calculations could provide guidance in interpreting experimental results.
Thus, we subsequently report on systematic calculations of the vibrational frequencies of the centers
VO, (m=2,3,4), V,0 (n=2,3) and the [VO+O;] defect. Among the larger complexes V,Om, we
especially calculate the frequencies of the V20, V30, defects. We put forward a semiempirical
model from which we estimate the frequencies of VOu (m=2,3,4) defects. The frequencies of V,O
(n=2,3) defects result from the well-known valence force treatment model. The frequencies of V20,
V30, complexes result from a semiempirical model employing dipole-dipole moment interactions.
Next, the calculated values are discussed and compared with the values taken from other theoretical
works. Finally, taking into account results from other experimental techniques cited in the literature,
correlations are made of defect structures with LVM bands.

1. Introduction

Silicon is the most important semiconductor for the electronics technology. It is by far the
most basic material due to its wide range of applications. The performance of Si devices is strongly
influenced by the presence of lattice defects and impurities. Among the latter, oxygen is the most
abundant and technologically important impurity, unintentionally added in the Si lattice during,
growth. The silicon monocrystals are grown either with the Czochralski (Cz) [1,2] or the Floating-
Zone (Fz) [1,2] technique. In Cz-grown material the oxygen concentration is on the order of
10'cm™ although in the Fz Si the concentration is of the order of 10°-10'’cm™ .

Oxygen in Si is significant both for technological and scientific purposes. Its presence has a
lot of beneficial effects concerning electronics applications. Among them is the improvement of the
mechanical strength [3] of silicon wafers, which is a very important property when they are used for
integrated circuits, because the presence of oxygen inhibits plastic deformation during device
processing. Another advantage is its role [4] in the internal gettering processes for removing
unwanted metallic impurities in the silicon material. In this case, SiO; precipitates act as diffusion
sinks for the metallic contaminant. Furthermore, the fact that oxygen does not introduce energy
levels in the forbidden gap is very fortunate since its concentration is usually some orders of
magnitude larger than the concentration of donor and acceptor atoms introduced to fabricate the
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active region of integrated circuits. Of course, the presence of oxygen has also harmful effects
especially in the case of uncontrolled oxygen precipitation in silicon. On the other hand, oxygen in Si
presents a variety of optical, electrical and structural properties which have for a long time attracted
scientific interest, helping in generally understanding the role of defects in semiconductors.
Additionally, due to its high chemical activity oxygen has a very complex behaviour in silicon. It
participates in numerous reaction processes which lead to a variety of complexes with lattice defects
and impurities. Evidently, control of these defects, which is achieved by the detailed knowledge of
their behaviour, is necessary for the improvement of the performance of Si devices. It is not,
therefore, surprising that an extensive amount of theoretical and experimental work has been carried
out concerning the various aspects of oxygen behaviour in Si. A lot of relevant review articles have
been written [5,6,7,8]. However, despite a lot of research in the field, there are several issues that
remain unresolved. Among them is the exact knowledge of the structure and properties of the
numerous oxygen-related centers in Si. The study of these centers is the main purpose of this work.

There is a variety of ways by which defects can be introduced into the lattice [9]. One of the
most common techniques for their introduction in the silicon matrix, in a controllable way, is by
irradiation and subsequent heat treatment. All sorts of irradiation ( electrons, neutrons, protons etc.)
always lead to the formation of high concentration primary defects, i.e. self-interstitials and
vacancies. The mechanism is the following:

When a particle with sufficient energy collides with a Si atom at a normal lattice site, the
latter is kicked out at interstitial positions (Si;) leaving a vacant site behind (V). At room temperature
Si; and V are very mobile and most of these species are annihilated by recombination (Si, +¥V — &).
Nevertheless, a small percentage of these fundamental defects survives. Vacancies interact with each
other to form divacancies [10,11] (V' +V —V,). Self interstitials also pair together to form di-

interstitials [12] Si, + Si, — Si, — §i,. At room temperature these V, and Si; - Si; secondary defects

are immobile. It is of interest to note that some of the divacancies could form directly during the
collision process. In the case of neutron irradiation, large aggregates [13] of defects are also formed.
These defect clusters mainly consist of a multivacancy “core” surrounded by an impurity complex
“shell”,

In spite of the above reactions, mainly concerning associations between lattice defects,
reactions between lattice defects and impurities also take place readily. Oxygen is well-known
[14,15] to be a very effective trap for irradiation-produced vacancies leading to the formation of the
VO pair, (the so-called A-center), which is stable at room temperature (RT). The structure and
properties of this defect and any other oxygen-related defects will be discussed later. Oxygen
impurity also traps [16] silicon self-interstitials, leading to the formation of the O; Si; centers which
are unstable at room temperature.

Upon heat treatment of Cz-grown irradiated Si, complexes involving oxygen impurities and
lattice vacancies are formed. More specifically, upon annealing, families of multivacancy-
multioxygen (V,Om) complexes form. Two main reaction channels are activated. The first one refers
to the sequential reaction [16,17] VO —2-V0, —2>V0, —%>V0, —% > . where oxygen
atoms are successively added, upon increasing the temperature, to the initial VO core. In essence, it
is an oxygen agglomeration process. The members of this family have been studied in detail by EPR
and Infrared Spectroscopy [17,18,19]. The second reaction channel refers to the sequential reaction
[18] VO —“—V,0 ——V,0—~L>V,0—"—...., where vacancies are added, upon increasing the
temperature, to the initial VO defect. Thus, a vacancy agglomeration process also occurs at the same
time. The members of this family have been studied in detail by the EPR and IR techniques [20,21].
Note, that due to the formation of divacancies, VO and V3O defects could also form through
reactions of the type V, +O = V,0 | V,+VO = V,0 , ... Other reactions also take place leading to
the formation of larger complexes [20,22], especially in neutron irradiated Si, like V,0,, V30, V40,,
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V103 of the general type V,Om. Actually, in neutron-irradiated Si the number of multivacancies is
expected to be larger. Thus Vi, Vi, Vs... defects also form. Their evolution with temperature is
known [23]. Therefore, the concentrations of large VyOn defects are expected to be larger. These
centers have been detected and investigated by a number of experimental techniques; for example
Electron Paramagnetic Resonance (EPR) [20,24], Infrared Spectroscopy (IR) [17,21], Positron
Annihilation Studies (PAS) [25,26] etc.

The electrical characterisation of the various V,On defects is still incomplete and definite
correlations of energy levels with certain defects have not yet been established. Tentative
correlations, however, have been reported [27,28,29] in the literature.

Most of the oxygen-related defects are IR active, i.e. they have LVMs frequencies in the
range of IR radiation. In general, the LVM frequencies of a defect are characteristic of the nature
and geometry of this particular defect, and this explains why IR spectroscopy has evolved as a
powerful technique for studying the structure and identity of defects. Its role is even more profound
for the study of V,On defects since, in general, as already mentioned, their associated energy levels in
the gap and their electrical activity are not definitely known. In the field of TR spectroscopy the
status of V,On defects entails a lot of unanswered questions. The question of the definite attribution
of the LVM signals in the IR spectra to certain defects has only been partially answered. The object
of the present work is to establish certain correlations between LVM signals and the corresponding
defect structures from which they originate. For this purpose, we have performed theoretical
calculations of the vibration frequencies of the various V,On defects, which, when combined with
our experimental results, experimental data and theoretical works cited previously in the literature,
they led to the following correlations: 839 cm™ with V;O defect, 914, 1000 em” with [VO+ O]
defect, 887 cm™ with VO, defect, 833 cm™ with V30, defect, 824 cm’! with V50, defect, 884 cm™
with V3O defect, 899, 962, 993 cm™ with VO; defect and 983, 1004 cm™ with VO, defect.

The paper is organised as follows:

We shall first present the theoretical background of the electromagnetic interaction with the
crystal matter and describe the physics of the Localised Vibration Modes which arise from impurities
and defects in the crystal. Then, the fundamental aspects of the isolated oxygen, and the oxygen-
related structures in Si will be presented. Later, we shall discuss the formation of the various V,On
defects in irradiated silicon and their properties will be reviewed. Experimental spectra from Infrared
Spectroscopy will be given, and for every related structure we shall provide calculations of the
corresponding vibrational frequencies. Finally, definite assignments will be attempted by combining
our results with experimental results from various techniques and also theoretical results cited in the
literature.

2. Theoretical background
2.1 Interaction of Electromagnetic radiation with matter

Upon examining the interaction between the incident electromagnetic radiation with the
crystal, the Hamiltonian of the system (radiation-crystal) is normally taken as:

H = H o +H int (l)
where H , is the term of the unpertubated crystal and H_, is the interaction term on which the
present analysis will be focused. If the incident electromagnetic radiation is a polarised
monochromatic wave described by the expression:

A(F,1) = 4,06) 2)
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where /_f(F, t) is the vector potential, following the procedure of “minimal substitution” H
finally the form [30]:

has
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where e and m are the absolute value of the electron charge and the mass respectively, Z e and
M ; the charge and the mass of the jth nucleus, respectively, and p the moment operator. The

probability amplitude of the transition from an initial crystal state lm) to a final state |n) is given by

the well-known relation [30]:
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Upon substituting Eq.2 and Eq.3 to Eq.4, we obtain:
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In the case of infrared radiation, where the wave length is about 1000 times larger than the
interatomic distance, we can assume that the spatial variation of the electric field is almost negligible.
It is reasonable, therefore, to consider, for any electron or nucleus which belongs to a unit cell, the
following approximation:

eikr' EeikR’ , eikrj EeikR‘ (6)
where R, is the vector for the unit cell “I” of the crystal . Thus, Eq.4 finally becomes:

' iwe = i(tr—w) s I0Z € ~ (ir,-ar) o
Con(t) = [ (== A = 3 == A h ) e @
0 i J

Noting that a plane wave in the Coulomb gauge has the form:

E =127 e ®)
and setting ¢
p=-ere™™ 37 ere™ )
we find the probability amplitude: l ]
Con(t) = I (] = £ e~ (10)

According to the theory of lattice v1brat10ns in solids, and especially in the case of a crystal with two
atoms in the unit cell, there are two branches of allowed frequencies: the acoustical branch and the
optical branch. For frequencies in the optical branch the corresponding motion of the atoms induces
a varying dipole moment. Thus, for frequencies in the optical branch and especially for small values

of k, (k —>O) , a strong coupling with the electromagnetic field is achieved. These frequencies lie

in the infrared range of the spectrum. The term e™* in Eq.9 therefore could be taken approximately
equal to unity leading to the relation:
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which provides the dipole moment of the unit cell [31].
The corresponding operator for the dipole moment can be written as an expansion of linear and
generally multilinear terms {31] as follows:

b= '&o +z eikﬂ’ﬂ(:,)"(.(’)JrZ eikR,it(l lb’)"a(l)"b(ll)"L'” (12)
La La a
Fb

Substituting Eq.12 into Eq.10 we have:
t r
Cmu(t) = J‘ <n| - E ) i‘o + Z eileil(‘I_lj "‘,(1) + Z e'kR',zl(Cll Ib) "‘,,(l)llb(l’)‘F' - l n1>ei"""""dt’ (1 3)
0 La La
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The first term, jz,, in Eq.13 clearly vanishes since the eigenfunctions of the vibrational states
are orthonormals.

N . ..
The second term, » e"‘R’,u( )ua(l), describes [32] the transition from n=0 to n=1,
la a

specifying a process where one photon is absorbed and one phonon is activated (one phonon
process) . Note that at room temperature almost all the defects are found in the fundamental state. A
small percentage of them occupy higher energetic states, but the allowed transitions fulfil the rule

An =1. The quantity [4(63 has the dimensions of charge and is generally called “apparent charge”

or “effective charge” denoted by the letter “7”. This term is dominant [33] in ionic crystals but
vanishes in diamond type crystals like Si or Ge. In the latter crystals there are two identical atoms in
the unit cell and one point of inversion symmetry. Due to the fact that the two atoms have equal but
opposite displacements the induced dipole moment is zero. However, if an impurity or a defect is
present, the inversion symmetry is locally destroyed, the dipole moment varies and, therefore, one
phonon processes become dominant for the absorption. Note that, in general, the apparent charge of
defects is very difficult to estimate, since the electron distribution of the atoms involved is almost
impossible to describe accurately.

The third term, » e&*™ ,it(l Ib)u‘,(l)ub(l’), describes [32] the transitions from n=0 to
P

n =2, and generally transitions where An=2, specifying a process where one photon is absorbed
and two phonons are activated (two phonon process). In the case of a homopolar crystal like Si this
is the dominant term for the absorption process. From the two phonons that are activated, the first
one induces a charge on the atoms and the second causes the vibration of these atoms, thus
producing a varying dipole moment which leads to absorption. When impurities are incorporated in
the host lattice, or, more generally, when various defects are present, the study of the absorption is
more complicated, since the number of the constituents involved increases and the expected number
of normal modes is therefore larger. In any event, it is important to determine how the dipole
moment varies with the displacement of the defect constituents and the neighbouring host lattice
atoms. Note that, the two phonon process depends upon temperature, and more specifically, when
the temperature decreases the corresponding intensity of the absorption also decreases. In contrast,
the one phonon process is not characterised by a similar behaviour. The two phonon process leads to
an inherent background absorption characteristic of the crystal, and in the case of studying defect
signals, it should be removed.
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Generally the notion of the apparent charge is replaced by that of an “apparent charge tensor”
[32] given by the expression :
au, .
Mo = 4y d=%02 (14)

i
where u,, is the displacement at the n/4 atom and M is the x-component of the dipole moment.

2.2 Localised Vibrational Modes of points defects

It is well known that in a perfect crystal [32] there are ranges of allowed frequencies, which
means that disturbances with frequencies within these ranges propagate into the crystal. Such
disturbances are described by a travelling wave,

u, = A" (15)
where x , is the displacement of the nth atom. Disturbances with frequencies outside these regions
cannot propagate.

If any of the host crystal atoms is substituted by an impurity, or, generally, by a defect, then
the periodicity of the crystal is destroyed. As a consequence, new normal modes appear with
corresponding frequencies either in the forbidden gap or within the allowed range [32]. Due to the
impurity, the charge density is locally polarised and an additional dipole moment is induced. Because
of this extra dipole moment coupling with the electromagnetic radiation becomes possible and the
one phonon process dominates in the absorption. This additional absorption is significant, especially
in the range of frequencies corresponding to the normal modes arising in turn from the impurity. The
corresponding vibration cannot propagate in the crystal. Its amplitude decreases exponentially and in
essence vanishes in the range of a few neighbouring atoms from the impurity. The vibration is
localised in the range around the impurity location and is called “Localised Vibrational Mode”
(LVM). Excellent reviews on this topic exist in the literature [32,33].

If the mass of the impurity is smaller than the mass of the host atom, the frequency of the

LVM is larger than @, , where @,  is the maximum allowed frequency in the perfect crystal. The
corresponding disturbance is described by [34]:
u, = A(=1)" el 16)

where B is a constant which depends on the masses M and M_ of the impurity and host atoms
respectively. The LVM frequency depends upon the mass of the impurity and the modified force
constant K of the bond [34]. It is given by the relation,

@Dy

By == a7
LVM ‘/1__7

M . .
where w,, =2K/M_, and £¢=1———. It is obvious that w,,,, ) Note that, the smaller the
M

ratio M /M, the more localised is the induced vibrational mode. The FWHM (Full width at half
maximum) of the LVM band becomes smaller with decreasing temperature but the height of the peak
does not depend on the temperature. Evidently, if one in addition recalls that two phonon absorption
is reduced with temperature, measurements at low temperatures are preferable because a superior
signal/ noise ratio and a higher resolution can be achieved.

The integrated absorption of a LVM is related directly to the concentration of the impurity
and is given by the relation [32]

max *

27 *N

fada) Z—Mé—— (18)
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where # is the diffraction index of the crystal, C is the speed of light, 7 is the apparent charge, M
the mass of the impurity and N its concentration. The apparent charge due to the impurity and the
corresponding concentration are generally not known. Determination of the above parameters,
especially the concentration (which is important for technology), necessitates calibration. Thus, a

calibration factor denoted by K * is introduced, so that _[adw =K "N . This factor is determined by

independed experiments using crystals where the concentration, N, of the impurity is known. For
room temperature measurements, a recent, widely used value [7] for the calibration factor of the
oxygen impurity in Si is 3.14 x 10'7 x @, cm™, where a, is the peak absorption coefficient of the 9um
band of oxygen. For low temperature measurements different calibration factors have been proposed
[2]. It is important to note that there is a lower limit [32] for the concentration of the impurities,
which is approximately, N,,, ~10'® ¢cm™  This means that impurities with smaller concentrations

cannot be detected by Infrared Spectroscopy.

3. Oxygen in Silicon

3.1. Oxygen interstitial

A prerequisite for understanding V,O,, defects in Si is to firstly know the behaviour of the
oxygen impurity. Oxygen atoms in the silicon matrix occupy interstitial sites [35]. X-ray diffraction
measurements [36] have shown that the presence of oxygen increases the average lattice parameter,
a safe indication of interstitial incorporation. In particular, oxygen occupies an off-center bond-
centered (BC) interstitial site [6]. Analysis of IR spectroscopy data indicates that it is bonded to two
Si atoms (Fig.1) forming a non-linear Si-O-Si pseudomolecule with C,, symmetry. The oxygen atom

Fig. 1: The configuration of the O; center.

is displaced [37] by 0.022nm from the <111> Si-Si axis, the angle between the Si-O bonds being
about 162° and the Si-O bond length [38] about 0.161nm. Its accommodation in the silicon lattice is
achieved by breaking the covalent bond between two neighbouring Si atoms. Energetically [39] this
is not prohibited since the energy of the Si-Si bond in silicon is 2.3 eV, whereas the energy of Si-O
bond in the SiO, is 4.8eV, and one Si-Si bond is replaced by two Si-O bonds. The interstitial position
of oxygen in silicon is generally accepted. However, O’Mara [8,40] taking as a basis IR results by
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Bosomworth et al [37] has suggested that part of the oxygen atoms occupy substitutional sites in the
silicon lattice. The weak point [7] of this supposition, which may be consistent with some
experimental data, is that the four valence bond configuration for oxygen in this position is very
unlikely. Early infrared studies [41] of the vibrational behaviour of oxygen in Si have associated three
frequencies to the oxygen impurity. The Si-O-Si molecule gives rise to a frequency i) at 1106 cm™
attributed to the antisymmetric stretching mode, ii) at 515 ¢cm™ attributed to a symmetric bending
mode and iii) at 1206 cm™ attributed to a symmetric mode. It is noted that the 515 cm™ mode is in
the band mode region and therefore is considered as an in-band oxygen-induced resonance [42,43].
Thus, it cannot be treated [32] as a simple molecular vibration. Also the 1206 cm™ mode should be
related to a combination of the antisymmetric stretching mode with the libration of the oxygen atom
about the <111> axis which contains the two silicon atoms. Low oxygen-related modes [37] at 29
cm™ have been attributed to the vibration of the oxygen atom in the (111) plane perpendicular to the
Si-Si broken bond. In general, oxygen impurity is the origin of a number of infrared absorption bands
[44] in the range of 27-1750 cm™ .

Theoretically, oxygen in Si was initially treated [6,37,45] as a foreign atom that breaks a Si-
Si bond, establishing in this way a non-linear quasimolecule with C,, symmetry. Despite the merits of
the above analysis, recent calculations have shown [46,47,48] that a better description of the oxygen
related infrared spectra could be achieved by considering a linear pseudomolecule Si, =Si~0 =S i,
with a D3g symmetry. Within the framework of the latter model most of the experimental results fall
in place and a better understanding of oxygen impurity in Si is achieved.

No electrical activity of the oxygen interstitial in Si has been observed. Note that O is a group
VI element and that other elements of the same group like S, Se, Te, are double donors [49].
However, the electrical activity of the latter is explained by their substitutional position in the silicon
lattice, which is not favourable for oxygen due to the small tetrahedral radius of the oxygen atom.
Theoretical analysis [50] of the SiO, structure shows that the corresponding molecular orbital in an
infinite Si lattice is below the top of the valence band and does not give donor levels in the energy
gap of Si.

3.2 Oxygen-related donors (Thermal Donors)

Note that Cz-Si indeed shows an electrical activity [51,52] coming from a series of donors,
the well-known TDs which are related to oxygen [53,54]. The exact structure of TDs remains an
unresolved issue despite many efforts in the last forty years, and the progress that has been achieved
so far. It is well-known [53] however, that TDs are not unique defects and consist of a series of as
many as 16 centers formed consecutively upon heat treatment in the temperature range of 400-
500°C. FTIR spectroscopy studies of the Rydberg states of these donors have revealed the presence
of double donors states labelled TDi, TD,,...,TD)s appearing successively in the spectra upon
annealing. General consensus has it that oxygen participates in their structure. Although, TDs are of
no concern in the present work, it is worth noting, that LVMs attributed to them have been
observed very recently [55]. Thus absorption bands at 975, 988, 1000, 1006 and 1012cm™ were
reported to be related to TDs.

TDs are destroyed with a short time heat treatment at 650°C. After their destruction the
electrical activity of Cz-grown Si is the same as that of Fz silicon with the same dopant
concentration. The latter observation confirms that interstitial oxygen is electrically inactive.
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3.3 Oxygen dimers

Experimental data concerning oxygen diffusion in Si, as well as the formation process of
thermal donors, assume [56,57] the existence of fast diffusing oxygen dimers. Two types of oxygen
dimers have been suggested [56,58]. The first one consists of a pair of two adjacent oxygen atoms
(0, +0, <> 0,) forming an oxygen molecule, which cannot be stable. Indeed, these oxygen
molecules are highly mobile since they do not possess a Si-O bond and they are only loosely coupled
to the Si lattice. The second one consists [59] of two oxygen interstitial atoms at adjacent Si bonds
with a common apex (Fig.2), forming a dimmer complex which is bonded to the Si lattice and it can

Fig. 2: The configuration of oxygen dimer.

be stable at a certain configuration. Oxygen dimers are appreciably more mobile [60] defects than
oxygen interstitials and their existence could account for a lot of observations concerning oxygen
diffusion, oxygen aggregation processes and TDs formation in Si. Recent IR absorption studies have
verified their presence and three LVMSs at 1012, 1060 and 1105 cm’! were attributed [61] to them.
Considering the formation of V,0,, complexes, the participation of oxygen dimers in this process at
elevated temperatures may be an interesting idea worthy of consideration.

3.4 Precipitated Oxygen

Heat treatments at temperatures generally higher than 650°C lead to oxygen precipitation;
that is, to the growth of SiO. particles (oxide precipitates). IR spectroscopy studies reveal that
oxygen precipitates give rise [2,7] to a broad absorption band at ~1226cm™” and another band at
~1120cm’™, which underlies the 9um band from oxygen interstitial. There are [62] different shapes,
phases and morphologies and kinds of oxygen precipitates. Their formation depends upon various
factors among them the annealing temperature, the thermal history of the samples and their
concentration in oxygen and carbon. Thus annealing in the range of 400-750°C gives rise to a broad
peak in the range 1030-1100 cm™! which has been attributed to amorphous SiO, (x<2). Annealing in
the temperature range of 750-950°C gives rise to a double peak at 1125 and 1222cm™ which has
been attributed to a-quartz or a-cristobalite. The latter attribution cannot be considered as conclusive
since the presence of cristobalite has not been confirmed. In addition, the 1222 cm™ band has been
also attributed to platelet-shaped precipitates [63]. Two peaks at 1100 and 472 cm’ that show up
upon annealing in the temperature range of 950-1100°C were ascribed to amorphous SiO.. In any
case, the whole picture concerning oxygen precipitates, their formation kinetics and the underlying



10

Defects and Diffusion in Semiconductors

mechanisms is not totally clear so far. The exact correlation between the various LVM bands and
certain precipitates is pending further investigation.

4. YO, defects

In this section we shall study defects formed by an oxygen agglomeration process where
oxygen atoms are sequentially added to an initial VO core. Their general form is VO,, and the main
representatives of this group are the VO,, VO3 and VO, defects. For a comprehensive understanding
of them, and for the purpose of estimating their corresponding LVMs, it is necessary to first study
the VO defect.

4.1 VO center

As already mentioned, oxygen atoms are very effective traps for irradiation-introduced
vacancies readily leading to the formation of the vacancy oxygen (VO) pair. This defect, usually
known as A-center, is one of the most extensively studied defect, not only in silicon, but in all
semiconductors where oxygen appears. EPR and optical studies [14,15,17,64,65] have provided its
microscopic identification and suggested an atomic model where the oxygen atom is located in an
off-center substitutional site in the <100> direction. Therefore, it could be considered as a nearly
substitutional oxygen (Fig.3). Alternatively, the center can be considered as a vacancy where one of
the reconstructed bonds is decorated by an oxygen atom [6]. In the neutral charge state it gives rise
to an IR band at 830 cm™ . The negative charge state of the defect gives rise to an IR band at 885
cm [66].

Fig. 3: The configuration of VO center.

The A-center has a negative paramagnetic charge state (VO") responsible [14] for an EPR
spectrum labelled (Si-B1), and a neutral diamagnetic charge state (VO®). Upon optical excitation the
latter state becomes visible by EPR, giving rise [67] to the (Si-B1) spectrum. The center exhibits a
rhombohedral symmetry with the dipole moment along the <110> axis.

The negative charge state VO’ is responsible for an acceptor level at E.-0.17eV [68]. The
emission of the trapped electron gives a Deep Level Transient Spectroscopy (DLTS) peak [69] with
an activation energy of 0.18eV. The origin of the electrical activity of VO center arises [6] from the
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fact that the reconstructive Si-Si bond is made up of two dangling bonds, with one bonding state
filled with two electrons and one empty antibonding state.

Considering the VO center as an isolated pheudomolecular unit we can use the valence force
treatment method [70]. According to this method, the VO center, which has a C,, symmetry, has
three infrared active modes, where only one, called vs, is observed clearly in the IR spectra [71]. The
frequency of this vibrational mode is given by the formula:

@nv,)’ —[u(%} sinza]_’& (19)
M, M
where M ;; and M ; are the masses of the silicon and oxygen respectively, 2a is the angle between
the two Si-O bonds and K, the force constant of the bond Si-O. From the above relation finally we
take that the frequency is va=830 cm™.

The presence of oxygen in the center is verified by the effect of isotopic oxygen doping [15]
on the vibrational frequency of the localised mode; it is also verified by the reduction in the strength
of the 1106 cm™ band of oxygen interstitial when the 830 cm™ band is formed. Optical measurements
[72,73] showed an approximate one to one correspondence between the loss of the former band and
the increase of the latter. The presence of vacancies in the A-center was confirmed [74] by the
irradiation of heavily tin(Sn) doped-Cz-Silicon. Stress- induced dichroism measurements have shown
a reduction in the rate of formation of the A-center by a factor of ~6 compared to undoped Cz-Si.
The reason is that Sn traps mobile vacancies very efficiently, and therefore competes with oxygen,
leading to the reduction of A-centers.

4.2 VO, center

At about 300°C the A-center anneals out. The decay of the 830 cm™ band is accompanied by
the emergence of a band at 887 cm™ (Fig.4), attributed [17] to the VO, center. The annealing
behaviour of the VO center is not completely understood [75,76], since VO may participate
simultaneously in more than one reaction channels. The main reaction process is, however,
VO +0, > V0,, where diffusing VO pairs are captured by oxygen interstitial atoms leading to the
formation of VO, defect. In the suggested structure of VO, defect two oxygen atoms equivalently
share a vacancy site (Fig.5). The presence of two oxygen atoms is also supported [77] by the fact
that the amplitude of 887 cm™ band, as measured when VO signal, has completely annealed out,
displays a quadratic dependence on the initial oxygen concentration of the silicon material. In the
VO geometry the oxygen pair is orientated along the <100> axis and the defect has a D,y symmetry.
However, there is experimental data [6,78] that is not in agreement with the assignment of 887 cm™
band with VO, defect. The main points that cast doubt about the origin of 837 cm? band are the
following:

1) Uniaxial stress data [37] on this band suggest a Ci, defect symmetry which is lower than the Dy
symmetry of the VO, structure, ii) Implantation of Cz-Si with equal doses of 'O and '*0 has failed
to produce upon annealing the expected *00'*V LVMs, which is a strong indication [79] against
the presence of two oxygen atoms in the defect structure, unless the two atoms are weakly coupled.
Theoretical studies [80], however, have shown that oxygen atoms are sufficiently far apart and
interact only weakly. iii) During the emergence of the 887 cm™ band there is no loss [76,81] of O;
atoms, as indicated by the stable amplitude of the 1106 cm™ of oxygen interstitial. Note, in addition,
that the structure of the VO, defect has not been completely verified by any microscopic
experimental technique. All these have left the ground open for alternative suggestions . Thus,
different geometrical structures, as for example the Siz;O, complex [82], have been put forward as
candidates, and correlations of the 887 cm™ band with other defects, for example the V;0 complex
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{18], which has also appeared in the literature. The latter correlation is important in explaining
uniaxial stress experimental data and will be discussed further latter, when we shall calculate the
vibrational frequency of the V;0 defect.

|
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Fig. 4: IR spectra of neutron irradiated Si annealing
at various temperatures. (ref.[19])

The electrical activity of the VO, defect remains an unresolved issue. Calculations show
[80,83] that there are no energy levels in the forbidden gap associated with the defect. The pair of
the two oxygen atoms passivates [80,84] the electrical activity of the lattice vacancy into which it is

Fig. 5: The configuration of VO; center.

inserted. Thus, an acceptor state like that of VO is not expected. Also, since the oxygen atoms are
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far apart, they are not expected to display a donor behaviour. It has been argued, however [80], that
the presence of surrounding interstitial oxygen atoms could enable the VO, structure to exhibit a
shallow double donor behaviour which is characteristic of thermal donors. For this reason, the VO,
defect has been considered as a candidate for the core of thermal donors. However, resistivity
measurements have shown [85] that the VO, defect has no electrical activity and it is not involved in
the generation of thermal donors. In any case, and for the sake of completion, we report that
energetic levels, for example the E.-0.11eV level [86], have been tentatively attributed to the VO,
defect. We note, in addition, that the VO and VO, defects are also detected by Positron Annihilation
Studies (PAS) and bulk lifetimes of 270ps and 240ps have been, respectively, correlated [87] with
the above defects.

In order to calculate the LVM frequency of the VO, defect it seems to be more instructive to
begin with the study of the geometry of the VO center and then to evaluate the changes that occur
by introducing an additional oxygen atom at the same vacancy site. The geometry is depicted in the
(Fig.6). Thus, according to the theory of the covalent bond, we assume that the oxygen atom is
subjected to a power low potential [88,89]:

Fig. 6: The VO geometry depicted in the
<110> plane.

w04 -3

where ¢ and o are empirical constants and R is the length of the Si-O bond. The vibrational
frequency of 830 cm™ arises from the stretching mode of the oxygen atom in the y-direction. Since
the oxygen atom is bonded with two Si atoms the total potential, for small displacements around the
equilibrium site, is given by the expression:

4 2 4 2
te=d(rreas) ) *(xime) (aoe) | @
R+ycos$ R+ycos & R—ycos 8 R—-ycos @

Upon expanding this relation in a Taylor series and keeping only second order terms we find:

2 2
U, = g% (20(%) - 6) y* cos® 9 (22)
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Given the validity of Hook’s law, the potential energy has the general expression:

U =1Ky? (23)
where K is the force constant. Combining Eqs.22 and 23 we have:
o? o)
K =2s— 20(—) -6|cos* 9 24)
R R

Minimising the potential energy given by Eq.20, the length R of the Si-O bond at the equilibrium

position is found to be R = 2o . The corresponding value of the force constant is then
2
K= Sg%cosl 9 (25)
Upon introducing the second oxygen atom, a new situation is established. In order to study the new
structure we shall consider the initial oxygen atom under the influence of the dipole field of the

added oxygen atom (Fig.7). The effective charge of the added atom has a value 7=102l¢ [90]
leading to a dipole moment,

€|

n=-nla-x) (26)
where 7 is the unit vector from O, towards O,, which due to the two equivalent Si-O bonds lies on

Fig. 7: The geometry of the VO center with an additional oxygen atom attached at the
same vacant site.

the x-axis, as depicted in the (Fig.6). We assume that this dipole moment lies in the middle of the
O,M segment. The corresponding electric field is given by the familiar expression for dipoles,
= 1 3(EF)-k
E=—rrt—
4re r

Under the influence of this field the initial oxygen atom is pushed towards the Si atoms to which it is
bonded and its new equilibrium position is characterised by the relation

En=K' (28)
where K’ is the force constant in the direction of the x-axis and x is the displacement of the initial
oxygen atom due to the addition of the second oxygen atom.
Combining Eqs.26, 27 and 28 we finally get:

@7

21(a—x)

Kx=——"7+—-=
47r£0(a+2]+x)

(29)
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K’ has the value of 9216 Kg: [80]. Taking into account that R, =1.66A and $=18° [91] we
sec

easily evaluate a =R, sin 3 =0.5129A. On substituting these values into Eq.29 we get the value of
the x displacement, x = 0.08058A
It is worthy of note that the oxygen atoms in both the VO and VO, structures vibrate in the y-axis.
Thus, from Eq.24, the ratio of the force constants K, and K, of the VO and VO structures, is

2
Sg%co s 90
KVO = 0 (3 O)

K 2 z
ros 289-7 20(2) —6|cos® G,
R R :

where R is the distance between the Si and O atoms in the VO, configuration, which leads to

P 2
(ZO(E) - 6} cos’ 8,

4
K, =K, —") 31
v o 4cos’ 9, R GD
Since, in general, K = mw® one has
1
Do =@ (&)2%1 20(2)2 — ’ (32)
ror "“\RJ cos8,, 2 R
As is easily seen from Fig.6
cos§,, =‘Z—2 and cos$,,, =SI/TZ (33)

o

In view of Eqs.32 and 33 we obtain:

1
R 1 AN 2 '
a),,02 =Wy (Foj E [20(;) - 6] (34)

Assuming now that the displacement of the silicon atoms that are bonded to the oxygen impurity is
negligible, we can write:
R=R_-xsing (395)

R .
whereupon we get R ~1.635 A. Since o = ‘/;_ =11738 A by substituting in Eq.34 we finally have:

~ -1
Dyp, = 898cm

Indeed, this calculated value is very close to the experimentally observed frequency of 887cm™ for
VO, defect.

4.3 [VO+Oj] center

An important characteristic of the transformation process of the VO defect to the VO, defect
through the reaction VO +0, —V0,, is the formation of an intermediate defect structure [19,92].
As such a defect, a [VO+O;] geometry has been suggested [19], where an oxygen interstitial atom
and a VO center arrange themselves in close proximity (Fig.8). The suggestion of the existence of
an intermediate defect arose from the fact that upon annealing of the 830 cm™ band of VO, and prior
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to the emergence of the 887 cm™ band of VO, two bands at 914 and 1000 cm™ appeared [19,93]
simultaneously in the spectra at intermediate temperatures (Fig.4). Thus, the conversion of VO to
VO, is more correctly described by the reaction scheme VO — [VO +0,]1->V0,. The formation
process is explained by considering that the Gibbs free energy minimum of the [VO+0;] defect is
intermediate between the respective minima of the VO and VO, defects, and, therefore, at the low
temperature range of the transition process of VO to VO,, the formation of the [VO+0i] structure is
potentially likely. The bands at 1000 and 914 cm’ were attributed to the vibrations of the two

Fig. 8: The configuration of the [VO+O] center.

oxygen atoms of O; and VO parts, respectively, in the [VO+O;] structure. The LVMs frequencies of
the intermediate defect were calculated by considering that the power-law potential given by Eq.20,
which describes the oscillations of the oxygen atoms, takes [93] the form:

u(r) = {(g} -(1F ,1)(%” (36)

where the (1 - /1,) and (1 + /1+) factors describe the modifications in the potentials that the O atom

of VO and the interstitial oxygen atom see, respectively, in the [VO+0O;] structure. In order to
estimate A_, A, we have recoursed to the study of the metallicity [89,90,94] of the silicon atom that
lies between the two oxygen atoms of the [VO+0;] structure, and how it is changed by the presence
of the oxygen impurity. We found that A_ =4, =0.075. The changes of the vibrational frequencies
are given [93] by the expression,

A 3

Y _(aFa,) -1 @GN
VO

On applying this formula, the vibrational frequencies of the [VO+O;] center were estimated to be

988 and 922cm’ ; these values are in accord with the experimentally detected frequencies at 1000

and 914cm™ respectively.

4.4 VO3 center

Upon annealing, at about 450°C, the 887 cm™ band begins to decay and three other bands
[15,75] at 910, 976 and 1005 cm’! arise simultaneously in the spectra (although another band at 986
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cm’™ begins to arise at a slightly higher temperature) (Fig.4). The three bands have been attributed to
a VO; structure formed {75] by the diffusion of VO, captured by an oxygen interstitial atom. In the

VOj; defect the third oxygen atom is added adjacent to the VO, defect (VO2 +0, = V03) (Fig.9). The
two oxygen atoms in the initial VO, defect are no longer equivalent, giving rise to two LVMs at 976
and 910 cm™. The oxygen atom of the Si-O-Si-O; branch vibrates with a frequency of 976 cm™. The

other oxygen atom which is not directly bonded to the Si-O-Si-O; chain vibrates at 910 cm’, which
is slightly different than that at 887 em’! of the initial VO, core. This is expected, since this atom is

Fig. 9: The configuration of the VO; center.

slightly affected by the rest of the atoms of the VOs structure. The 1005 cm™ band originates from
the vibration of the added O; that forms a Si-O-Si-O; chain in the VOs; structure. Evidently, the

assignment of the three bands to a (VO2 +0, = V03) structure indirectly supports the assignment of

the 887cm™ band to the VO, defect. It is worth noting that an isotope experiment which will be
expected to verify the number of oxygen atoms in the defect has not yet been reported. The origin of
the other LVM at 986 cm™ has not been conclusively identified . It has, however, been tentatively
attributed [75] to a modified VOs structure with one more oxygen atom attached.

The VOs defect has three inequivalent oxygen atoms in its structure and each of them
vibrates with a different frequency. For our calculations we shall assume that the VO; defect results
from a [VO+Q;] defect by the addition of an extra oxygen atom at the vacancy site. The two oxygen
atoms that share the same vacant site are not equivalent. Their displacements x,, and x,,,, in

relation to their equilibrium positions are different for each one of them due to the bonds they make
with the rest of the structure. In order to calculate the vibrational frequencies of these two oxygen
atoms we use Eq.29 for each one of them separately. We thus have:

277(‘7 - xVO+O, )

3
Xyo +Xpo.o, J

K%, = 7 (38)

47rea(a +27 +

277(0 - x,,o) (39)

’”. —_—
K"yo.0, = 37
) +xV0+0,j

47rg”(a+ 27+
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where K"is the force constant of the Si-O bond in the chain Si-0;-Si-O-Si and K 'the

corresponding force constant in the chain Si-O-Si. However, due to the general formula X = mao’
the following relation holds between K’ and K" :

2
K” mV0+0
L | Zvoa 40
K’ (C"Vo J 0)

"and @pp,0, =91l4cm™". Since K’ =92.16KgT as was calculated

In our case w,, =827cm” > s

sec
. Kgr .
previously, we finally get K" =112,57 glz . Upon solving the system of Eqs.38 and 39 for the two
sec
unknown parameters x,, and X0, we get the wvalues: x,,=008384 A and

Xpos0, = 0.06591 A. Consequently, the corresponding relations to Eq.34 for the w,,, frequencies of
the two oxygen atoms at the same vacant site are:

1
3 2 3
R 1 o
—w,,| —=| =20 - 41
@, yo, on(Rm) 2[ (Rm) ] (41)
1
3 2 5
B0, = @ (—L]lzo["jz (42)
2o rore RI’O+O, 2 RVO+0,

where R,, =16341 A and R, =16396 A are the corresponding lengths estimated according to
Eq.35. We finally get:

@,y0, =90lcm™ and @,,, =978cm™

These values are close to the experimentally observed values, 899 cm” and 962 cm™ respectively.
The frequency @, of the third oxygen atom at the interstitial position is assumed approximately

equal to that of O; in the center [VO+0;], that is @, ~1000cm ! because the induced changes are

negligible for this atom.
The VO; defect is generally considered electrical inactive [85], whereas a level at E.-0.13eV has
been tentatively correlated [86] with this defect.

4.5 VO, center

Upon annealing at T=520°C the bands of the VO3 defect anneal out and two new bands at
1032 and 1042 cm™ in neutron irradiated Si appear [19] in the spectra (Fig.4). Within the rationale of
the oxygen agglomeration process the two bands were attributed to the VO, =V0, +20, defect
(Fig.10). The addition of an extra oxygen atom to the other leg of the VO; defect makes the whole
structure symmetric again. Such a complex is expected to give rise to two LVM bands: one
originating from the two equivalent oxygen atoms of the VO, defect in the core of the VO,
structure and the other from the other two equivalent oxygen atoms symmetrically located on either
side of the VO core, at the legs of the VO, structure.

In the case of the VO, defect and for our calculations we assume that the defect results from
the approach of two [VO+0;] defects. In order to estimate the vibrational frequency of the two
equivalent oxygen atoms that share the same vacant site we are thinking in the same way as we did in
the case of the VO; center.

Using Eq.29 we have:
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2ila—x'
K"x ’ - 7( ) 3
471'6‘0(61 +2 +x ')
whereby we get for x'the value x’' = 0.06868 A.

(43)

Fig. 10: The configuration of the VO, center.

The equation for ,,,, corresponding to Eq.34 is:

R, )1 )

o
o —w, —e | =] 20 -6 a4
o, ro+0; (Ryow,J 2 ( (Ryow, J ] o

1

Taking into account Eqs.35 and 44 and with @, ,,; =914 cm™ we finally get:

W50, =980cm™
The frequencies ., of the other two equivalent interstitial oxygen atoms are considered almost

the same as the frequencies of the [VO+O;] center, that is 1000 cm™, (since the changes caused are
negligible for those atoms).

At this point it is important to note that measurements on oxygen-implanted Si report [95]
the emergence of two bands at 1004 and 983 c¢m™ upon annealing out of the VO; defect. These two
bands where consequently correlated with the VO, defect. In order to explain the absence of these
bands in an electron-irradiated material it was argued that the higher concentration of oxygen in the
implanted material promotes the addition of O; making the two bands of VO, detectable in the latter
case.

Thus, our calculated values of 980 and 1000 cm™ for the frequencies of the VO, defect are
closer to the experimental values 1004 and 983 cm™ cited in the literature [95] for oxygen implanted
Si. However, in our studies, of neutron-irradiated material we have not detected these bands. If the
suggestion that the 1004 and 983 ¢cm™ bands are related to the VO, defect is correct, then it may be
argued that, since above 450°C oxygen interstitials become mobile, it is likely that two oxygen atoms
are added sequentially to the VO, defect at elevated temperatures (VO2 +20;, —» VO4) , and

therefore the 986 cm™ band, detected in the specira with some delay in relation with the three bands
of VOs, may be attributed to the VO, defect. This is in agreement with a previous suggestion [77]
that the 986 cm™ band might arise from a modified VO; defect with one more oxygen atoms
attached. In this case the other band at 1004 cm™ [95] is rather too weak to be detected and it is only
seen in cases of oxygen implantation where the number of the available oxygen atoms becomes
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larger. Another way of VO, formation may be through oxygen dimers, that is through the reaction
VO, +0, - VO,, where an oxygen dimmer is added to a VO2 defect.

As per the above discussion, one could assume that the 1032 and 1043 cm” bands in
neutron-irradiated Si originate from some unknown oxygen-vacancy clusters. Note, for example, that
pentavacancies [96] anneal out at 400-600°C. Also, note that, the oxygen interstitials have become
mobile at these temperatures and very mobile oxygen dimers [S4] have formed as well. Thus, the
1032 and 1043 c¢m™ bands may originate from defects formed by multioxygen-multivacancy
complexes.

The picture concerning the electrical activity of the VO, defect is not clear in the literature.
There have been ideas relating the VO, center to the core of thermal donors, but definite correlations
have not be made [97] so far. The center may be considered as inactive as those of the VO, and VO;
defects. Note, in addition, that the donor behaviour of VO, centers has been studied theoretically by
various methods with conflicting results. There are methods of calculations which confirm [80,98] a
donor possibility of VO., defects although other methods gave negative [99] results.

5. Other oxygen-related centers
5.1 Oi-Si; centers
Si self-interstitials formed upon irradiation could also pair [100] with O;. An IR band at ~936

em’ was attributed [101] to an oxygen interstitial - Si interstitial (O;-Si;) center (Fig.11). Although
this assignments were later questioned [102], more recent experimental results {103] have verified

Fig. 11: The configuration of the O;-Si; center.

the relation of (O;-Si;) center and the 936 c¢m™ band. The center is unstable and anneals slowly at
room temperature. In our studies, where the temperature of irradiation was ~50°C, the annealing was
expected to occur during irradiation, and, therefore, any signal from this center was not expected in
the spectra. Recent EPR studies [104] have concluded that the (O;-Si;) center is a metastable defect.
Two EPR spectra labelled Si-AA13 and Si-AA14 were attributed to the positive and negative charge
states, respectively, of the one configuration although a spectrum labelled Si-A18 was attributed to
the positive charge state of the other configuration.

Complexes of O; with more than one Si; have also been put forward. It is worth noting that
theoretical studies have suggested [105] that a Si(O;)2 structure is related to the core of thermal
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donors. The complex consists of a divalent Si interstitial bonding to an adjacent pair of oxygen
interstitials. Two LVMs at 984 and 901 cm™ were estimated , but so far there is no experimental
evidence for the defect.

6. V,0 defects

The vacancy aggregation process leading to the formation of V,O defects is roughly parallel
to the oxygen aggregation process leading to the formation of VO,, defects. They differ, however, in
some essential respects; for example in the introduction and annealing temperature which is
characteristic of each individual defect. In addition, the formation of the more complex defects V,0,,,
to be discussed later, seem to begin [20] from the addition of oxygen atoms or vacancies to the V,0
defects. Among the V,0 complexes, the V>0 and V10 defects are the main representatives and their
vibrational frequencies will be calculated in what follows.

6.1 V.0 center

Early EPR studies [20] have shown that the V,O defect could form during irradiation of
oxygen-rich Si at room temperature, possibly by the successive capture of two isolated vacancies by
an oxygen atom. Note, in addition, that during irradiation, divacancies (V2) are also formed. These
divacancies become mobile above 200°C and their capture by oxygen atoms provide an alternative
channel for the formation of V,0 defects. Above 300°C, where VO become mobile, V>O could form
by the capture of VO pair from oxygen atoms. Analysis of the corresponding A14 EPR spectrum
[20] shows that the defect consists of a divacancy and a nearly substitutional oxygen atom trapped
near a vacancy site forming a Si-O-Si bond similar to that of the VO defect (Fig.12). This geometry

Fig. 12: The configuration of the V>0 center.

has prompted us to calculate [21] the vibrational frequency of the V,0 defect from that of the VO
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defect by considering the modification caused in the Si-O-Si bond by the attachment of an extra
vacancy next to the Si-O-Si unit of the VO defect. We have considered [88,89] that the oxygen atom
in the Si-O-Si bond interacts with the two neighbouring Si atoms with a power law potential
described by Eq.20. If K is the force constant of the Si-O bond and R, its equilibrium length, it can

U
casily be found by putting the derivative % equal to zero at R =R, that K = ;—g
In a XY, molecular model [70] the vibrational frequency of the oxygen atom is given as:
K, 2m.g,
@, = JJ—(I + st os? .9,,0) 45)
mg, m,

where 9, is the angle between the <110> axis and the Si-O bond. It is reasonable to assume that a

similar relation also holds for the frequency @, , of V20 defect. Taking into account that K = 1%2

o

and substituting the ratio of the atom masses mg,, m, we get:

Royo J1+3.5¢co0s’ Sy p
Ropo ﬁ+ 3.5c0s° 9,
Using data from an ab-initio calculation analysis [84] we have estimated [21] a frequency @, equal

@Dy = Wyo

(46)

to 852 cm’!. This value is close to the frequency of the experimentally observed band at 839 cm™
(Fig.13) in the infrared spectra of neutron irradiated Si. Thus, taking in addition into account the
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Fig. 13: Deconvolution of the VO center region
infrared bands. (ref.{21])

annealing behaviour of this band we have correlated [21] 839 cm’' with the V,0 defect. This is in



Defect and Diffusion Forum Vols. 171-172

23

agreement with previous studies in electron-irradiated Si, where a band at 835 cm™ has been
correlated [18] with the above defect.

The exact electrical activity of the V,O center is an open question. A number of levels, e.g.,
at E.-0.30eV [69], E.-0.50eV [27] and E.-0.24eV [106] have been attributed to this defect. The
defect is also detected by PAS studies and a lifetime of 270ps have been associated [107] with
divacancy-oxygen complexes.

6.2 V;0 center

Upon annealing of the Si-A14 EPR spectrum of the V2O defect, around 300°C, another
spectrum, labelled Si-P4, arises. This spectrum has been attributed [20] to the V3O defect formed
according to the reaction F,O +} — },0 . The geometry of this defect is given in Fig.14. In this

Fig. 14: The configuration of the V30 center.

geometry an oxygen atom is located in a nearly substitutional site at the end of a three vacancy chain
along the <100> axis. The V50 defect is considered to arise from the V,0 defect by the addition of
an extra vacancy. Accordingly, its vibrational frequency could be calculated from that of the V>0
defect by considering the changes in the Si-O bond due to the addition of an extra vacancy.
Assuming the oxygen atom to be under the influence of a power potential [88,89] given by Eq.20,
we can easily see [108] that the frequency of vibration is inversely proportional on the Si-O bond

length R, that is @ < 11? If R, is the Si-O bond length at the equilibrium position in the V>0

structure, where the oxygen atom vibrates with a frequency w,, and R,,, w,, are the

lead to

. . 1
corresponding parameters for V,O structure then the relations o, , < ——, w,, x
R0 V30
the formula:
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Rxf,o
R

¥,0

Orp = Brg @7)

V0

The ratio has been calculated [107] to be approximately equal to 0.95. Inserting into the above
v,0
relation this value and with @, equal to 839 cm’, i.e. the experimentally detected frequency for

V0 defect, we finally get @, , = 883cm . Note that this value is very close to the value of 887

cm’ band attributed to the VO- defect.

We recollect, however, what we have already mentioned in paragraph 4.4, that the attribution
of the 887 cm™ band to the VO, defect only, presents some difficulties, since some experimental data
cited in the literature concerning its behaviour could not be reconciled with a VO, structure. In our
studies [108] the analysis of the 887 cm’™ band, using Lorentzian profiles, has shown a small shoulder
at 884 cm” (Fig.15). Thus , we have attributed the 887 cm™ band to the VO, defect and 884 cm’
band to the V0 defect. Such an attribution could explain, for example, the uniaxial stress data.
Actually, when two defects are present, the piezospectroscopic tensor obtained provides information
[108] about the sum of the piezospectroscopic tensors of these defects and not for each one
particular defect. As a consequence of that, the revealed symmetry is lower than that of the higher
symmetry defect participant.
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Fig. 15: Deconvolution of the VO: center region
infrared bands. (ref.[108])

Photo-EPR measurements [27] have correlated an electrical level at E,-0.40eV to the V50
defect although DLTS studies [109] have attributed a level at E.+0.34eV with a capture cross
section o = 2.3 x 1072 cm?® Additionally, a positron lifetime of 325ps has been related [110] to the
V;0 defect.
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7. V,On defects

Upon annealing at elevated temperatures larger complexes are formed with more than one
oxygen atoms and more than one vacancies in their structure. These V,0,, defects have been mainly
detected and studied by the EPR technique. However, there exist LVM bands which could be
positively correlated with certain defects as, for example, V;0; and V3O, which will be studied in
what follows.

7.1 V.0, center

When the V,0 center becomes mobile, at about 400°C, it either aquires a vacancy to form the
V30 center discussed above or an oxygen atom to form a V>0, complex [20,109]. An EPR spectrum
labelled Si-P2 was attributed to the V.0, defect. The geometry of the center is given in Fig.16. It
comprises two nearly substitutional oxygen atoms in two neighbouring vacant sites. Its symmetry is
Ca. Early IR studies have correlated a LVM band at ~1000 cm™ with V,0, defect mainly by
considering the similarities in the annealing behaviour of this defect band and the Si-P2 EPR
spectrum.

1
1
1
|
|
i
l
!
1
|
'
=

Fig. 16: The configuration of the V>0, center.

As seen from Fig. 16 the V,0, defect could be considered as resulting from two VO centers
which are coupled together. Prior to attempting to calculate their vibrational frequencies we must
note that in any defect where oxygen atoms are not bonded directly and do not occupy second
neighboured sites, the interaction between them can be considered as a dipole-dipole moment
interaction, since the Si-O bond is a polarised covalent bond. In the case of the V,0, defect the two
oxygen atoms can be considered, to a good approximation, as two harmonic oscillators with an
interacting potential of the form:

_ BB~ 3P

w e

(48)
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where g =Z '(—r]g + q,c'j) is the dipole moment of the one oxygen atom and p, =Z *(rI; + qzc}) is the

dipole moment of the other oxygen atom, Z * is the effective charge of each oxygen atom, k, q are
the unit vectors along the <001> ,<110> axes, respectively, and d the distance between the dipole
moments supposing that they are located on the oxygen site.

Since each oxygen atom vibrates along the <110> axis, in order to estimate the interaction
potential, W , we shall take into account only the term of the dipole moment which depends on ¢.
The total Hamiltonian, which describes the motion of the two oxygen atoms of the V>0, defect, is
given [21] by the expression

1 I | L, 1 . 1
H ='2‘Mu(1{ +§Ka‘1f +5Mafhz +§K,H§ + 4,9, 49

z
— =03eV/A? and K, =404 eV /A7 [21]

where 4 =

Two normal modes are expected to arise from the V,0, defect: i) a symmetric one with
a4 +q,
2

(73

and eigenvector

frequency @, = and ii) an antisymmetric one with frequency

o

’K + 2 . -4, . .
@ prisym = 1‘{4 and eigenvector 4 qu _In the case of infrared radiation, where the wave length

is 2 >> 104, only the symmetric normal mode is active and consequently observed in the spectra at

-2
the frequency w_,, = K,

= 826¢cm™" . Thus, an experimentally observed (Fig.13) LVM band at
824 cm™ has been attributed [21] to V0, defect. This band arises in the spectra at 320°C as result
of the following formation process 'O +VO0 —V,0,.

7.2 V50; center

The V30, defect consists of a trivacancy chain [20], where the first and the last vacancy sites
are occupied by two oxygen atoms (Fig.17). Considering that the two equivalent oxygen atoms
oscillate along the <110> axis, we can proceed by employing the same basic physics as that for the
V,0, defect. Thus, the frequencies of the Vi0, defect could be derived from the dipole-dipole
interaction between the two oxygen atoms, the motion of which is described by an effective
Hamiltonian like that of Eq.49. Making use of the fact that in this case d=38A and

1

K,=409eV /A%, the following two LVMs frequencies are found: @, =83lem and

@ =837cm™" . In the case of infrared radiation where the wave length is A >>104A, only the

anisym
symmetric normal mode is active and therefore observed in the spectra at the frequency 831 em™t.
Thus, an experimentally observed LVM band at 833 cm’™! has been attributed [21] to V3O, defect.

The LVM frequencies of even larger complexes like V»0s, V30s, V40, etc. are expected to
have values in the same frequency range. So far, to the best of our knowledge, any correlation of
certain LVM bands with the above defects does not exist in the literature, although their presence by
other experimental techniques has been definitely verified [20,22] in oxygen-rich materials. Thus, it
does not seem prudent to try to estimate these frequencies. As we have already mentioned,
multivacancies (V, up to Vs) are always present in Si [23]. In addition, recent calculations suggest
that larger vacancy aggregates [111], as for example Vs, may be particularly stable configurations.
Similar suggestions exist for even larger clusters like Vio, V14, etc. [112]. Tt seems likely, therefore,
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Vo

Fig. 17: The configuration of the V50, center.

in Cz-Si that large vacancy clusters probably form containing oxygen atoms. The full understanding
of these large clusters needs further investigation both theoretical and experimental.

SUMMARY

In this paper, the present knowledge of the oxygen vacancy (VaOm) defects have been
reviewed. The fundamental aspects concerning the structural properties of these defects have been
discussed. A compilation of results from experimental techniques, for example DLTS, PAS, and
especially EPR have been cited and discussed in relation to experimental data obtained by IR
spectroscopy. Subsequently, theoretical calculations have been conducted for the purpose of linking
LVMs to defects structure.

IR spectroscopy is an important experimental technique for the study of defects in solids and
it has been used extensively in the field of semiconductors. The defects are detected due to their
LVMs, even if they do not introduce states into the energy gap or they do not have an unpaired
electron as required for their detection by the DLTS and EPR techniques, respectively. In addition,
LVM bands and their behaviour to external perturbations like stresses, polarised light and isotope
substitution provide adequate information necessary for determining the chemical nature and the
physical structure of a defect, that is the identity of the defect.

Oxygen is the most important impurity in Si. Although, a large body of information 1is
available about its complexing with lattice vacancies to form V,Om defects, a clear picture for some
of them has not emerged so far. Definite correlations, for example, of a number of experimentally
observed LVMs with certain V.Ow defects do not exist. To this end, we reviewed the structural
properties of the various V,On defects in Cz-Si, employing at the same time semiempirical
calculations to estimate the vibrational frequencies of these defects. In particular, we have been
engaged in studying the serial formation of VO, V4O and the evolution of V0, defects. The LVM
frequencies of VO, [VO+ Oi], VO,, VO;, VO,, V20, V30, V,0,, V30, defects have been confirmed.
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An important point we discussed is the existence of a shoulder (Fig.15) in the frequency
range of the VO, defect. The attribution of this shoulder to the V3O defect prov1des help for
understanding uniaxial stress data concerning the behaviour of the 887 em™ band in Si. Another
interesting point has to do with the correct band assignments of the VO, defect. Between two palrs
of frequencies c1ted in the literature, as linked to VO, defect, that is the pairs 986, 1004 cm™ and
1032, 1043 cm’, our calculations point to the former one as the most likely candidate. If this
assignment is conﬁrmed, then the origin of the latter pair of bands has yet to be established. The
LVM frequencies of large V,0,, complexes, as for example V303, V404, V405 etc., which have been
seen by EPR or PAS techniques, has not been determined so far mostly because their IR signals are
expected to be very weak. Thus, experimental and theoretical work concerning their LVMs bands
remains to be done.

In any case, the present knowledge of the V,0,, defects is at a very advanced level and the
picture tends to be more or less sufficiently clear. In this, the contribution of IR spectroscopy is
undoubtedly significant.
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