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A B S T R A C T

We report infrared (IR) spectroscopy studies on defects in carbon containing neutron irradiated Czochralski
grown silicon (Cz-Si). Prior to irradiation the material was subjected to high temperature treatments (HT) at
1000 °C. Two weak bands at 842 and 852 cm−1 were mainly investigated. It was found that their intensity
depends on the oxygen and carbon content of Si. Additionally, the bands exhibit an annealing behavior similar to
that of the 3942 cm−1 optical band of the carbon-oxygen-vacancy (COV) complex, previously reported in
electron irradiated Si. Semi-empirical calculations of the local vibration mode (LVM) frequencies of a proposed
structure of the COV complex are in very good agreement with our experimental data. These findings led us to
assign the pair of bands at 842 and 852 cm−1 to the COV defect.

1. Introduction

In the last 60 years, Si prevails as the basic material for most elec-
tronic applications [1–5]. The requirement to improve the quality of Si
motivates the complete understanding and control of the various im-
perfections and in particular point defects and their clusters. During the
growth procedure various impurities are introduced in the Si lattice, the
most dominant being oxygen and carbon. They are unintentionally
added in the Si lattice, oxygen at interstitial sites and carbon at sub-
stitutional sites. Furthermore, device design and fabrication require
processing stages, including thermal treatments and irradiations. These
introduce additional defects in the lattice.

As a result of the thermal treatments at high temperatures of Si
containing carbon and oxygen, precipitates as well as dislocations, rod-
like defects and stacking faults are expected to form [6–9]. Notably, the
oxygen precipitation process is accompanied by the emission of SiI's
which aggregate adjacent to the precipitates [9–11]. The stress fields
created around the precipitates and generally the extended defects at-
tract SiI's which are trapped in the interface region (SiOx/Si) between
the oxygen precipitate SiOx and the Si matrix [9–11]. Thus the interface
region is in essence a reservoir of SiI's and under certain conditions, for
instance in the course of irradiation, could act as an additional source of
SiI's. Another factor that affects oxygen precipitation is the presence of
carbon in the Si lattice. It has been suggested [9,12–14] that carbon
atoms and carbon clusters as well as SiC precipitates in Cz-Si, provide
nucleation sites for oxygen precipitation.

As a result of irradiation, defect clusters form. The main defects that

form in Cz-Si containing C are the VO pair [15,16], as well as the CiOi

and the CiCs pairs [13,17–19]. The latter two pairs form in two stages.
Firstly, Ci's are created as a result of the reaction Cs +SiI → Ci which are
trapped subsequently by Oi and Cs atoms to form the CiOi and the CiCs

pairs, respectively. For high doses and particularly in the case of neu-
tron irradiations larger complexes form [13,17,18] as for instance
Ci(SiI), CiOi(SiI) and CiCs(SiI) clusters by the addition of SiI's to the in-
itial Ci, CiOi and CiCs defects. Besides self-interstitials, vacancies are
also expected to be trapped on C-related defects leading to the forma-
tion of larger complexes. Thus a weak electronic line at 3942 cm−1

(489 meV), detected in electron irradiated Cz-Si contained carbon, was
attributed [20–24] to an optical center comprising in its structure at
least one C atom, at least one oxygen atom and a vacancy (COV). More
specifically, the center was found to be produced in room temperature
electron irradiated Si at high doses and it was considered [13] to be a
second generation defect consisting of an interstitial carbon atom and a
vacancy trapped at an interstitial oxygen atom. Furthermore, it was
suggested [13] that the center is produced in the following reactions
process: Cs + (SiI) →Ci, Ci + Oi→ CiOi, CiOi + V→(COV). Other re-
action schemes that may be considered [25] for the COV defect pro-
duction are the following: CsOi + V → (COV) and Ci + VO → (COV). In
any case, the concentration of the COV centers is expected to be small
and no known LVM signals has been correlated with this line
[13,22,23].

The aim of the present study is to investigate the existence of in-
frared bands that can be correlated with the COV structure. To this end,
we have conducted neutron irradiations of C-contained Cz-Si in an
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attempt to enhance the intensity of weak signals and make possible
their detection. Indeed, neutron irradiation causes more substantial
damage in the Si lattice and the concentration of defects introduced in
the former case is much higher than that in the latter case [26]. Ad-
ditionally, prior to irradiation, the samples were subjected to thermal
treatments at high temperature (HT). The formation of precipitates
after these treatments lead to the aggregation of SiI's in the interface
region with the crystal matrix, as we have mentioned above. Accord-
ingly, in the course of irradiation, these SiI's could be liberated [27] and
reacting with Cs atoms it is expected to increase the number of available
Ci atoms thus enhancing the possibility of the production of COV cen-
ters.

2. Experimental details

Three groups of Cz-Si samples (M1, M5, M7) with various oxygen
and carbon concentrations were used in this study. Impurities and
concentrations are given in Table 1. The samples of ~ 1 × 2 mm di-
mensions were cut from pre-polished material of ~ 2 mm thickness
purchased from MEMC. Samples were initially subjected to thermal
treatments at 1000 °C for 5 h. Notably, this temperature is technologi-
cally important for Si processes as the diffusion of impurities and oxi-
dation is pronounced impacting the properties of defects including ra-
diation induced defects. After the thermal treatments the samples were
irradiated with 5 MeV fast neutrons at fluence of 1 × 1017 n cm−2. The
irradiations were performed inside a pool of water at ~ 40 °C. For
comparison purposes, some samples were irradiated without have being
subjected to any previous HT treatment. To eliminate the effect of
thermal neutrons, the samples were wrapped in Cd foils and were put in
sealed quartz tubes to avoid water contamination. After the irradiation
the samples were subjected to 20 min duration isochronal anneals, of ~
10 °C steps in open furnaces. Inside the furnace the samples were in-
serted in a quartz cell and all the set in a larger quartz tube to avoid any
contamination with the walls of the furnace. The Infrared spectroscopy
measurements were carried out after each annealing stage, at room
temperature, with a Jasco-IR 700 dispersive spectrometer operating
with a spectral resolution of 1 cm−1. The two-phonon absorption was
always subtracted by using a reference sample of FZ-Si material of equal
thickness. Prior to every measurement the samples were slightly re-
polished to remove any oxide layer (SiO2) which may affect the mea-
surements.

3. Results and discussion

Fig. 1 exhibits segments of the IR spectra for the group M7 samples,
one after irradiation without any previous HT (Fig. 1(a)) and one after
HT at 1000 °C and then irradiated (Fig. 1(b)), in the frequency range of
800–1050 cm−1. In both samples the well-known bands of the VO
(828 cm−1), CiOi (860 cm−1), CiOi(SiI) (934, 1018 cm−1), Ci(SiI) (953,
960 cm−1), CiCs(SiI) (987, 993 cm−1) defects are present in the spectra.
In addition to these bands, another three at 842, 852 and 883 cm−1 are
also present in the spectra. They have been also detected previously
[28] but were not discussed. This work is focused on studying the be-
havior and the properties of the two bands at 842 and 852 cm−1 which
seems to constitute a pair originating from the same defect structure.
The bands are very weak and are better presented in the insets of Fig. 1.

Fig. 2 shows the evolution of the 842 and 852 cm−1 bands for the HT
treated and then neutron irradiated M7 sample. It is easily seen that the
annealing behaviors of the two bands are quite similar to that of the
3942 cm−1 electronic line (please refer to Fig. 7 of Ref. [20]., showing

Table 1
Details of the samples used in this work (initial O and C concentrations) as well as the intensities a of the 842 and 852 cm−1 bands.

Sample [Oi] (1017 cm−3) [Cs] (1017 cm−3) [Oi]aft. HT

(1017 cm−3)
[Cs]aft. HT

(1017 cm−3)
[Oi]aft.irr.
(1017 cm−3)

[Cs]aft.irr.
(1017 cm−3)

a842 (cm−1) at
160 °C

a852 (cm−1) at
160 °C

M3 7.35 0.51 10.35 0.31 10.39 < 1016 0.040 0.028
M5 7.16 1.52 10.32 1.24 10.46 < 1016 0.043 0.030
M7 8.63 0.40 13.41 0.38 12.99 < 1016 0.051 0.035

Fig. 1. Segments of the IR spectra of the M7 sample. The two bands at 842 and 852 cm−1

are depicted in the inset.

Fig. 2. The annealing behaviors of the 842 and 852 cm−1 bands.
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the graphical data of the annealing of the 3942 cm−1 electronic line).
The next step is to investigate and identify the structure of the defect

that gives rise to the 842 and 852 cm−1 bands. First, by comparing the
intensities of the two bands for the samples M3 and M5 which have
about the same oxygen concentration (refer to Table 1) it can be ob-
served that in the sample with the higher carbon concentration the
bands are stronger. Similarly, by comparing the intensities of the two
bands for the samples M3 and M7 (refer to Table 1) which have about
the same carbon concentration it is observed that in the sample with the
higher oxygen concentration the bands are stronger. This suggests that
the defect contains C and O. Second, due to the neutron irradiation it is
reasonable to assume that it also contains vacancies. In general, the
concentration of defects introduced by neutron irradiation is much
higher than that of electron irradiation [29,30] at the same fluence and
therefore the number of vacancies available to participate in the for-
mation of clusters is larger. Third, we observe that the annealing curves
of the two bands (refer to Fig. 2) are similar to that of the electronic line
3942 cm−1 previously detected (refer to Fig. 7 of Ref. [20]) in electron
irradiated, carbon-containing Cz-Si and attributed to a COV defect.
Notably, there are numerous examples of different defects in Si which
disappear in the same temperature range. However, similar thermal
stability between two defects can indicate that there is common origin
between the defects and this has to be investigated. In addition, the
intensities of the two bands are very weak, indicating that they possibly
originate from a second generation defect which is the case for the
3942 cm−1 line. It is reasonable, therefore to consider that the bands at
842 and 852 cm−1 originate from the same structure, namely the COV
defect. Furthermore, we observe that the bands are stronger in the in-
itially HT treated sample. This can be understood as follows. In the
course of irradiation of the thermally treated material additional SiI's
are liberated. They interact with Cs atoms leading to the formation of
additional Ci atoms that could enhance the formation of COV defects via
the reactions Cs + SiI →Ci, Ci + Oi→ CiOi, CiOi + V→COV and Ci +
VO → COV discussed above. Sources of these SiI's are the oxygen pre-
cipitate/Si matrix interface and large extended defects as stacking faults
and dislocation dipoles [6,7,31]. In the following further arguments are
provided to support the assignment of the bands at 842 and 852 cm−1

to the COV defect, by calculating the LVM's of such a structure.
One possible configuration of the structure of the COV complex is

that comprising a Ci defect close to a VO pair (refer to Fig. 3). Let the
frequency of the VO defect be Ωo (835 cm−1) [32]. Apparently, this
frequency is modified within the COV structure and becomes ωo. Si-
milarly, let the frequencies of the Ci defect be Ωc (922 cm−1 and
932 cm−1) [33]. Apparently, these frequencies are modified within the
COV complex to ωc. In the following we calculate the ωo and ωc

frequencies using a previously reported semi-empirical model [34]. In
the COV structure one expects that the silicon atom Si1 (refer to Fig. 3)
comes closer to the oxygen atom (in comparison with the unperturbed
VO defect), because of the tension caused by the interstitial carbon
atom of the Ci defect. Therefore, we expect ωo>Ωo. The inverse ar-
gument holds for the carbon atom, therefore ωc<Ωc.

We consider that the oxygen atom of the VO defect oscillates near
the minimum of a power-law potential:
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where λ+ is a parameter that measures the increase (since ωo>Ωo) in
the attractive part of the potential, due to the change of the lattice
environment of the oxygen atom.

Similarly, the carbon atom of the Ci defect, oscillates near the
minimum of the analogous power-law potential:
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where ε’ and σ’ are the corresponding parameters for Ci defect. This
potential is modified by the presence of the VO defect, within the COV
complex, in the following way:
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where λ- is a parameter that measures the decrease (since ωc<Ωc) in
the attractive part of the potential, due to the change of the lattice
environment of the carbon atom. Observe that in relation (4) there is a
negative sign before the parameter λ– because the attractive part of the
potential is reduced, since ωc<Ωc. By setting the first derivative of the
potential at the equilibrium position equal to zero, by using Eqs. (2) and
(4) we find the following expressions for the bond distances:
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Calculating the second derivative at the equilibrium position we
find:
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Since this second derivative equals the force constant, the latter
being proportional to the square of the vibrational frequency, we can
write:

=ω αΩO O (8)

where

= + +α λ(1 )3/2 (9)

Similarly, we find for the carbon atom:
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whereFig. 3. Suggested structure of the COV defect.
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= − −β λ(1 )3/2 (12)

The bond energy [34,35] as a function of metallicity can be written
as:

= −E V α(1 )bond m2 (13)

where V2 is the covalent energy and αm the metallicity [34]. We con-
sider that the bond energy in Eq. (13) comes, in the case of the oxygen
atom within the COV defect, from a power-law potential:
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where ζ is a parameter that measures the effect of metallicity [34]. A
similar equation holds for the carbon atom within the COV defect. From
Eq. (14) we get the following expression at the equilibrium:

= −E ε ζ(1 )bond
2 (15)

By comparing Eqs. (13) and (15) we find:

= − −ζ α1 1 m (16)

Metallicity measures [35,36] the metallic character of a covalent
bond and its value for Si is =α 0.81m (refer to Table I of Ref. [35]).
However, when impurities are present in the lattice the situation is
different since the metallicity of the Si atoms that bond with these
impurities is expected to change. An average value αm should be
considered. For the case of the carbon impurity in Si, the metallicity of
Si–C bonds will be taken equal to the average of the metallicity of Si–Si
bonds =α( 0.81)m and C–C bonds =α( 0.40)m (Table I of Ref. [34]), that
is + ≈(0.81 0.40)/2 0.61. For the case of the O impurity in Si, Si–O
bonds are much less metallic than Si–Si bonds [38] and their con-
tribution to the metallicity will be taken equal to zero. Thus the initial
metallicity of the Si atom Si1 (see Fig. 3) in the undisturbed Ci defect is

= × + × ≈α (3 0.81 1 0.61)/4 0.76m i C, , while the initial metallicity of
the Si1 atom in the undisturbed VO defect is

= × + × ≈α (3 0.81 1 0)/4 0.61m i VO, . The metallicity of Si1 atom fi-
nally becomes = × + × + × ≈α (2 0.81 1 0.61 1 0)/4 0.56m f within
the C-O-V defect. By using Eq. (16) the differences:

− = − − − − − ≈ζ ζ (1 1 0.56 ) (1 1 0.76 ) 0.17f i C, (17)

and

− = − − − − − ≈ζ ζ (1 1 0.56 ) (1 1 0.61 ) 0.04f i VO, (18)

can be seen as the changes in the attractive part of the potential for the
Si1 atom in reference to the Ci and VO defects respectively. Considering
bond forces as classical two-body forces that obey the law of action and
reaction, we shall assume that the relative change of the attractive part
of the potential of the Ci defect is equal to the average relative change of
the attractive parts of the potentials of its three neighboring Si atoms.
Since from these three atoms only the potential of the Si1 is expected to
change, the λ- value could be taken as one third of the −ζ ζf i C, value,
i.e., ≈−λ 0.057. Similarly, since the oxygen atom in the VO defect has
two neighboring Si atoms, the λO value can be taken as half of the

−ζ ζf i VO, value, i.e., ≈+λ 0.02. From Eqs. (8) and (9) substituting the
values of λ+ ≈ 0.02 and Ωο = 835 cm−1, we find the value ωo =
860 cm−1 for the O-related LVM of the COV defect. As for the C-related
LVM, using Eq. (11) and (12), substituting the values of λ – ≈ 0.057 and
Ωc = 922 cm−1 or 932 cm−1, we find the values ωc = 844 cm−1 or
853 cm−1 respectively. These values are very close to the experimental
values 842 cm−1 and 852 cm−1.

A comment should be made at this point. The Ci defect is not stable
at room temperature and begins to migrate below 270 K by thermally
activated diffusion [33,37]. Thus the values 922 and 932 cm−1 re-
ported above refer to measurements at 77 K [33]. Accordingly, we used
a value for the VO center band which also refers to IR measurements
made at 77 K [32]. Apparently, by using these values for the Ci and the
VO defect, the estimated LVMs for the COV defect refer to values at low

temperatures. Thus, when we made comparisons with our experimental
values of the 842 cm−1 and 852 cm−1 bands recorded at room tem-
peratures, an additional small error is introduced. For instance, the
LVM frequency of the VO defect is around 830 cm−1 for room tem-
perature measurements [38], instead of 835 cm−1 for low temperature
measurements [33]. However, the calculated values for our two bands
are very close to the experimental ones allowing for the correlation of
the 842 cm−1 and 852 cm−1 bands with the particular COV structure
discussed above.

A final comment: Our semiempirical approach on the proposed
structure of the COV defect helps us to calculate approximately the
relative LVM frequencies. The corresponding values were in agreement
with the experimental ones. In future work the COV defect should be
investigated using density functional theory calculations (as in previous
work [39-41]) to verify the tentatively proposed structure discussed
here.

4. Conclusions

We have performed experimental and theoretical studies to in-
vestigate the behavior of two bands at 842 cm−1 and 852 cm−1 that
emerge in the IR spectra of carbon containing Cz-Si heat treated at
1000 °C and then neutron irradiated. The experimental results indicate
that the center responsible for the above two bands contains carbon and
oxygen. The annealing curves for the two bands show similar annealing
characteristics with a previously reported weak electronic line at
3942 cm−1 (489 MeV) detected in electron irradiated Cz-Si containing
carbon and attributed to a carbon-oxygen-vacancy (COV) complex.
Since the available amount of vacancies is expected to increase in
neutron irradiation, we tentatively assign the 842 cm−1 and 852 cm−1

bands to a COV complex. Semi-empirical calculations gave significant
support in this assignment. It was found that the LVMs frequencies of a
COV structure comprising a Ci impurity near a VO defect are very close
to the experimental values.
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