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CONCLUSION 

In diamond during electron irradiation the radiation defects are produced by primary 
electrons and by secondary gamma irradiation. The depth of the strong primary electron 
damage is lesser than the theoretically predicted one due to vacancy-interstitial recombina-
tion. The gamma-induced damage is much weaker, but it penetrates through the whole 
diamond volume. 

Narrow ZPLs adjacent to ZPL of 3H center have been found and ascribed to weakly in-
teracting complexes of 3H defects with some impurity atoms (3H-X complexes). The ra-
diation center with ZPL at 580 nm has been ascribed to a negatively charged intrinsic va-
cancy-type defect. The radiation center with ZPL 492.1 nm has been explained as a modi-
fied H3 center. 
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Annotation. The experimental and theoretical data on the structure, electronic and dy-

namic properties of the I2O complex are presented. 
Self-interstitial clusters (In) in silicon impact the fabrication of electronic devices and 

have been extensively studied recently [1–3]. Theoretical calculations have predicted that I2 
is highly mobile in Si [4–6], so it is thought that di-interstitials play an important role in 
self-interstitial clustering and can interact with other lattice defects. The silicon di-
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interstitial (I2) is the first step in the sequence of the In complexes. The available experi-
mental results on the electronic and dynamic properties of I2 and its interactions with other 
defects in Si are, however, very limited [7–9]. It has been argued in [7] that an absorption 
band at 936 cm-1 is related to a local vibrational mode (LVM) due to a complex of I2 with 
an oxygen atom (I2O). This band was observed in the absorption spectra in oxygen-rich Si 
crystals subjected to electron irradiation at about 80–90 K [7–8]. 

Using deep-level transient spectroscopy (DLTS) technique we have searched for forma-
tion and annealing behaviors of the I2O defect in electron- and alpha-particle-irradiated 
oxygen-rich Si samples. Our experimental assignment of I2O is strongly supported by ab 
initio calculations. 

Experimental results were obtained from DLTS and high-resolution Laplace DLTS  
(L-DLTS) measurements on n+-p-p+ diodes and Schottky barrier diodes on p-type Si crys-
tals. One set of the diodes was produced on boron-doped epi-Si (ρ ≈ 20 Ω⋅cm), which was 
grown on highly boron-doped ρ ≈ 0.005 Ω⋅cm) Czochralski-grown (Cz) Si wafers. The 
diodes were formed by implantation of phosphorus ions. N+-p-p+ diodes from another set 
were prepared by phosphorus diffusion at about 1000 oC from PCl3 gas ambient into a bo-
ron-doped (ρ ≈ 5 Ω⋅cm) Cz-Si wafer with an oxygen content of about 7.5×1017 cm-3. The 
oxygen concentration was (3–4)×1017 cm-3 in the epi-Si diodes. Schottky barrier diodes 
were prepared by plasma sputtering of Ti on samples from float-zone (FZ) and Czochralski 
grown Si crystals with resistivity of about 20 Ω⋅cm. Oxygen concentration was about 
8×1017

 cm-3 in the Cz-Si samples and below 2×1016
 cm-3 in the FZ-Si samples. 

The samples were irradiated with either 4 or 6 MeV electrons at room temperature with 
the use of a linear accelerator. The flux of electrons was 1×1012 cm-2s-1. Some samples 
were irradiated with α-particles from a Pu-239 surface source at 280–290 K. 

Calculations of electronic properties of defects were performed in the framework of the re-
cently proposed method of calculation of the band gap and deep levels in semiconductors [10]. 

Fig. 1 shows DLTS recorded spectra. All the peaks seen in the DLTS spectra are related 
to radiation-induced defects.  

We have determined electronic signatures (activation energy for hole emission (Eh) and 
pre-exponential factor (A)) for all the traps from Arrhenius plots of T2-corrected hole emis-
sion rates measured with the use of L-DLTS. A comparison of the determined parameters 
with those known from the literature for the electron-irradiation-induced defects in p-type 
silicon has allowed us to assign the dominant DLTS signals in the Cz-Si sample to the in-
terstitial carbon – interstitial oxygen center(CiOi) and divacancy (V2). The dominant sig-
nals in the FZ-Si samples have been assigned to the interstitial carbon (Ci), interstitial car-
bon – substitutional carbon pair (CiCs, divacancy and minor signals due to trivacancy (V3). 
In the DLTS spectrum of the as-irradiated Cz-Si sample beside the signals from the CiOi, 
V2 and V3 defects a strong signal with its maximum at about 50 K occurs. The Eh and A 
values for the trap which gives rise to the signal have been determined as Eh = 0.09 - 
0.01 eV and A = 9×106

 s-1 (H(0.09) trap in the following). The H(0.09) signal has disap-
peared completely after annealing at 125 

oC. The H(0.09) trap anneals out in the tempera-
ture range 75-100 

oC. The introduction rates and annealing behavior of the H(0.09) trap are 
consistent with those for the defect responsible for 936 cm-1 line observed in infra-red ab-
sorption spectra of irradiated oxygen-rich Si crystals. We have carried out isothermal an-
nealing of the irradiated Cz-Si and epi-Si crystals at 330, 350 and 370 K and found that the 
annihilation kinetics of the H(0.09) trap can be described well by a mono-exponential de-
cay in both materials. 
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Figure 1. – DLTS spectra: (left panel) recorded on Schottky diodes on p-type Si samples grown by (1 
& 3) float-zone and (2 & 4) Czochralski techniques and subjected to (1 & 2) irradiation with 4 MeV 

electrons and (3 & 4) subsequent annealing at 125 
oC for 30 min. The dose of irradiation was 

2×1015 cm-2; (right panel) on a n+-p-p+ diode from epi-Si, which was subjected to the following 
subsequent treatments: 1) irradiation with alpha particles from a 239Pu source; 2-4) 30 minutes 

heat-treatments in the temperature range 75-125 
oC with 25 

oC increments 

The structure of the I2O defect was calculated in the framework of density functional 
theory. First of all, we have determined the minimum-energy configuration of the di-
interstitial by minimizing the total energy of the supercell with (216 + 2) Si atoms. Next, an 
oxygen atom was placed at different lattice positions of the supercell containing the most 
stable I2 defect, and the total energy of the supercell was minimized with all the atoms al-
lowed to move. The configuration shown in Fig. 2 has the lowest total energy. It has been 
found that the I2O defect in the lowest energy configuration possess a donor level at Ev + 
(0.11 - 0.13) eV. We have considered two pathways for the formation and dissociation of 
the I2O defect: i) I2 + Oi ↔ I2O and ii) IO + I ↔ I2O. The obtained values of the energy 
gains, which can be achieved when the I2O complex is formed from the separate compo-
nents according the above reactions, are found to be 0.22 eV and 1.9 eV for the reactions i) 
and ii), respectively.  

  
Figure 2. – Stable configurations of the I2 (left) and I2O defects (right) found 

 by ab-initio modeling 
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The vibrational modes of the I2O defect have been also analyzed. Calculations of the 
vibrational spectra of the structures were performed in the cluster approximation (DFT, 
B3LYP, 6-31G). The normal vibrations of the oxygen atom and the nearby silicon atoms 
have been calculated. An infra-red absorption active mode related to vibrations of the oxy-
gen atom for the configuration is found to be at 971 cm-1. 

The results presented in this work have shed some new light on the electronic and dy-
namic properties of the silicon di-interstitial and its interactions with other lattice defects. It 
is found that the neutral I2 defect can migrate in silicon at (or slightly above) room tem-
perature, so the theoretical predictions of high mobility of I2 [4, 5] are confirmed. The mo-
bile I2 centers can interact with other lattice defects and impurities. The data on the struc-
ture, electronic and dynamic properties of the I2O complex are presented. It can be sug-
gested that similar to the Si self-interstitial, the I2 defect can also interact with carbon and 
boron impurities in Si crystals. 
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Выполнено молекулярно-динамическое моделирование каскадов атомных сме-

щений в кремниевых нанопроволоках. Показано, что с уменьшением размеров нано-
провода количество первичных радиационных дефектов уменьшается, а зависимость 
числа сформировавшихся вакансий носит немонотонный характер от энергии пер-
вично выбитого атома. 




