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Abstract—1It is found that the implantation of silicon with oxygen ions and subsequent annealing at high tem-
peratures are accompanied by the formation of electrically active donor centers and by the p—n conversion of
the conductivity of silicon. The concentration and spatial distribution of these centers depend on the anneal-
ing temperature. The results are accounted for by the interaction of oxygen atoms with intrinsic point defects

formed upon the annealing of implantation damages.

DOI: 10.1134/S51063782615030203

1. INTRODUCTION

At present, extensive studies aimed at the develop-
ment of light-emitting structures for silicon optoelec-
tronics are being carried out [1]. It has been found that
donor centers are formed upon the fabrication of sili-
con light-emitting structures by the implantation of Er
ions and subsequent annealing [2—4]. In these cases,
the concentration of the donor centers being formed
frequently exceeds the concentration of acceptor cen-
ters in the initial crystals and p —= n conversion of the
conductivity of the silicon layer occurs. The influence
exerted by implantation, temperature, time, and
annealing medium on this effect has been studied. The
characteristic properties of samples of this kind were
the introduction rate and concentration of thermal
donors formed (~10' cm~3 in a characteristic time of
~30 min at temperatures of ~700°C). Another distinc-
tive feature of these thermal donors was the compara-
tively high temperature (~1000°C) at which they sur-
vive, in contrast to classical oxygen thermal donors.
Measurements of the current—voltage characteristics
in structures of this kind have shown that the concen-
tration profiles of electrons in the n-type layer have the
form of curves with a maximum, with the concentra-
tion at the maximum becoming lower as the tempera-
ture is increased [5]. Hall-effect measurements per-
formed in a wide temperature range with samples
implanted with erbium ions have revealed that three
groups of energy levels are formed in the lower half of
the energy gap of silicon, with ionization energies of
~0.02, ~0.15, and ~0.38 eV [6]. It has been demon-
strated that shallow thermal donors are formed from
oxygen atoms and intrinsic point defects (IPD),
whereas two other groups include oxygen atoms and

rare-earth ions. A similar pattern in which three fami-
lies of thermal donors were formed with somewhat dif-
ferent energy levels has been observed in the implanta-
tion of other rare-earth ions: Dy, Ho, and Yb into sili-
con, followed by high-temperature annealing [7].
Recently, intensive studies have been carried out in
order to develop light-emitting structures with so-
called dislocation luminescence by, in particular, the
implantation of silicon [1, 8] or oxygen ions [1, 9]. In
the present study, we examine the possibility of the for-
mation of thermal donors by the implantation of oxy-
gen ions and subsequent annealing to produce light-
emitting structures with dislocation luminescence.

2. EXPERIMENTAL

As substrates served Cz-p-Si:B (100) wafers with a
thickness of 300 um, diameter of 100 mm, and resis-
tivity of 12 Q2 cm (KDB-12 brand). Measurements of
IR (infrared) absorption in the initial sample demon-
strated that the concentration of oxygen was
~10'"® cm~3 and that carbon was below the detection
limit of 2 x 10'® cm—3. To obtain a uniform distribution
profile of the oxygen impurity, the ions were implanted
with three different energies and doses: 350/1.5 x
101 + 225/0.9 x 10" + 150/0.7 x 105 keV/cm~2. The
projected ranges of ions were (.34, 0.49, and 0.71 um,
respectively [10]. Implantation was performed on a
High Woltage Engineering Europe implanter (The
Netherlands). To preclude channeling, the substrate
was turned 7° relative to the ion beam. According to
calculation by SRIM software [10], the concentration
of oxygen at a depth of 0.42 to 0.63 um was constant at
a level of ~6 x 10" cm~3. The full width at half-maxi-
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Fig. 1. RBS proton spectra measured in (/) the random
and (2) channeling modes and (3) the ratio between the
amplitudes of the channeling and random RBS signals for
an implanted Cz-p-Si:O sample.

mum of the oxygen distribution was in the range 0.26—
0.85 um. The Rutherford backscattering (RBS) spec-
tra, measured with 227-keV protons in the random
and channeling modes in a sample upon the implanta-
tion of O ions, are shown in Fig. 1 (curves / and 2,
respectively). Analysis of the spectra shows that the
implanted layer is not amorphized: the degree of
amorphization, characterized by the ratio of the inten-
sities measured in the channeling and random modes
(curve 3), is substantially smaller than unity. Calcula-
tion of the concentration profile of point defects, nor-
malized to the concentration of atoms in the Si lattice,
from the RBS spectrum demonstrated that the maxi-
mum radiation-damage level attains a value of 16%.

Isochronous (over 30 min) annealing of the
implanted samples was performed at temperatures of
700, 900, and 1000°C in a chlorine-containing atmo-
sphere. This atmosphere had the form of an oxygen
flow saturated with a carbon tetrachloride vapor at a
concentration of 1 mol %. The conductivity type of
the surface layer was monitored with a thermal probe.
The carrier concentration profiles were found from the
capacitance—voltage characteristics of a Hg—Si
Schottky barrier (mercury probe) at room temperature
and probe signal frequency of 1 MHz.

3. RESULTS AND DISCUSSION

The measurements performed with the thermal
probe demonstrated that the implantation of oxygen
ions and subsequent annealing resulted in the forma-
tion of an n-type layer in the surface region, i.e., the
p — n conversion of the conductivity type of silicon
was observed. The experimental electron-concentra-
tion profiles are shown in Fig. 2. The concentration
profiles have the form of curves with maxima. As the
annealing temperature is raised, the concentration at
the maximum decreases from 2.2 x 107 ¢cm™3 (for
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Fig. 2. Electron-concentration profiles in the n-type layer
of silicon upon its implantation with oxygen ions and
annealing for 0.5 h at different temperatures: (/) 700,
(2) 900, and (3) 1000°C.

annealing at 700°C) to 1.2 x 10'® cm~3 (for annealing
at 1000°C). As the isochronous-annealing tempera-
ture increases, the depth at which the maxima #(x) lie
increases from 0.47 um at 700°C to 0.73 um at
1000°C.

It is of interest to note that the donor-center pro-
files shown in Fig. 2 are nearly the same and close to
the donor-center profiles in silicon samples implanted
with erbium ions and annealed in similar temperature-
and-time modes in [5] (Fig. 1, curves 2—4). This sug-
gests, by analogy with [5], that the donor centers are
formed by oxygen atoms, with IPDs involved. At low
annealing temperatures, the concentration of the
donor centers being formed is the highest. As the
annealing temperature is increased, with an increas-
ingly large part of implantation distortions annealed,
the concentration of point defects decreases and their
mobilities grow, with the concentration of donor cen-
ters decreasing as a result. In the process, the position
in which the donor concentration is the highest
becomes farther from the surface because nonequilib-
rium intrinsic point defects move away toward the sur-
face. With the temperature raised further, the increas-
ing part of these defects has enough time to reach the
drains. As a result, the maximum donor concentration
decreases and the maximum is shifted depthward. The
position of the donor centers being formed almost
coincides with the region in which the majority of
structural defects, and primarily oxygen precipitates
and dislocation loops, were formed [1]. This serves as
one more indication that oxygen atoms and intrinsic
point defects in the silicon lattice are involved in the
formation of donor centers. The involvement of oxy-
gen atoms in the formation of donor centers is also
supported by the results obtained in the study [11] in
which the additional implantation of oxygen ions and
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annealing at 700°C yielded so-called thermal double
oxygen donors.

Thus, it was found that intrinsic point defects are
involved, in addition to oxygen atoms, in the forma-
tion of donor centers upon the annealing of silicon
implanted with oxygen ions. Comparison of the results
obtained in the study of the luminescence, structural,
and electrical properties of silicon implanted with
oxygen ions during the course of annealing unambig-
uously indicates that the processes in which structural
defects and luminescent and electrically active centers
are transformed should be regarded as a single unit.

ACKNOWLEDGMENTS

The study was supported in part by the Russian
Foundation for Basic Research and The Royal Society
of London (grant no. 13-02-92622).

REFERENCES

1. N. A. Sobolev, Semiconductors 44, 1 (2010).

2. E Widdershoven and J. P. M. Naus, Mater. Sci. Eng. B
4,71 (1989).

3. J. L. Benton, J. Michel, L. C. Kimerling. D. S. Jacob-
son, Y.-H. Xie, D. S. Eaglesham, E. A. Fitzgerald, and
J. M. Poate, J. Appl. Phys. 70, 2667 (1991).

4. FE Priolo, S. Coffa, G. Franzo, C. Spinella, A. Carnera,
and V. Bellani, J. Appl. Phys. 74, 4936 (1993).

5. O. V. Aleksandrov, N. A. Sobolev, E. I. Shek, and
A. V. Merkulov, Semiconductors 30, 468 (1996).

6. V. V. Emtsev, V. V. Emtsey, Jr., D. S. Poloskin, E. I. Shek,
N. A. Sobolev, J. Michel, and L. C. Kimerling, Semi-
conductors 33, 1084 (1999).

7. V. V. Emtsev, V. V. Emtsev, Jr., D. S. Poloskin, N. A. So-
bolev, E. 1. Shek, J. Mikhel’, and L. S. Kimerling,
Semiconductors 33, 603 (1999).

8. N. A. Sobolev, A. M. Emel’yanov, V. 1. Sakharov, 1. T. Se-
renkov, E. 1. Shek, and D. I. TeteI’baum, Semiconduc-
tors 41, 537 (2007).

9. N. A. Sobolev, B. Ya. Ber, A. M. Emel’yanov, A. P. Ko-
varskii, and E. I. Shek, Semiconductors 41, 285 (2007).

10. J. E Ziegler, M. D. Ziegler, and J. P. Biersack, Nucl.
Instrum. Methods Phys. Res. B 268, 1818 (2010).

11. V. V. Emtseyv, Jr., C. A. J. Ammerlaan, B. A. Andreey,
G. A. Oganesyan, D. S. Poloskin, E. I. Shek, and
N. A. Soboley, Solid State Phenom. 82—84, 93 (2002).

Translated by M. Tagirdzhanov

SEMICONDUCTORS  Vol. 49 No.3 2015



