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Abstract

We report experimental results in neutron irradiated silicon containing
carbon. Initially, carbon interstitial (C;) defects form that readily associate
with self-interstitials in the course of irradiation leading to the production
of Ci(Si)) defects and upon annealing to the sequential formation of
Ci(SI)), complexes. Infrared spectroscopy (IR) measurements report the
detection of two localized vibrational bands at 953 and 960 cm™ related
with the Ci(Si;) defect. The thermal stability and annealing kinetics of the
defect is discussed. The decay out of the two bands occurs in the
temperature range of 130-200°C. They follow 2" order kinetics with an
activation energy of 0.93eV. No other bands were detected to grow in the
spectra upon their annealing. Density functional the ory calculations
were used to investigate the structure and the energetics of the C;(Si;) and
the Ci(Si)), defects.
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1. INTRODUCTION

Silicon is an important material for the electronic industry used in
numerous devices and applications (for example photovoltaics, sensors,
nuclear medicine, integrated circuits, and quantum computing
technologies).!®A key element for the design and control of the
performance of Si-based electronic devices is the impurities and defects
present, which can affect the electrical, optical, mechanical and thermal
properties. The defect reactions they participate in the various stages of
material processing (for example irradiations, implantations, annealing)

can play a key role for the quality of Si crystal.®!

Carbon is an isovalent impurity that mainly occupies substitutional sites
in the lattice (Cs). It is established that carbon reacts readily with self-
interstitials (Si)) and upon irradiation it is ejected at interstitial sites
converted to C;, through the Watkins replacement mechanism. The C;
impurity is very mobile around room temperature and leads to the
formation of C,Cs and C,O; defects 1* 25 which are very important
defects in Si. Experimental results verify that the C;, CiCsand C;O; defects
are very effective traps for Si, acting in essence as nucleation sites for
them leading for the formation of larger complexes ¢%° such as Ci(Si\), ,
CiCs(Si))n and C;Oi(Si))n, respectively.

Self-interstitials are very important impurities in Si affecting the physical
properties and the behavior of the material. Notably, the formation of the
Ci(Sh))n , CiCs(Siy)n and C;Oi(Si)), defects in Si wafer containing carbon
acts competitively to the formation of large self-interstitial clusters
which play a key role in several important processes in Si, as for instance
transient enhanced diffusion (TED) of dopants and formation of extended

defects.?%2% Reaction processes involving the formation of the above three



families are always taken into account in data analysis and reaction
modeling. Particularly, in radiation damage processes in Si such
considerations are necessary to optimize the fabrication of the relative
devicest”*® 24 In previous studies, we investigated the properties and
behavior of CiOi(Si)), and the C;Cs(Si)), complexes and mainly on the

first two members (n=1,2) of the families.'? 2>

Here we report IR studies on the Ci(Si;), family and mainly the C;(Si;) and
the Ci(Si), defects. Two IR bands at 953 and 960 cm™ have been
previously correlated?®! with the Ci(Si;) complex although there is not
any attribution of bands to the C;(Si;), complex. We study the structure
of the defects and the annealing kinetic of the Ci(Si;) complex. Density
functional theory (DFT) calculations are used to gain insights on the

structure and energetic of the Ci(Si;) and the C;(Si;), defects.

2. METHODOLOGY
A. Experimental methodology

We used a group of mechanically polished Si samples with initial oxygen
and carbon concentrations [Oi],=7.2x10*" cm™ and [Cs]o=1.53x10" cm,
The used oxygen and carbon calibration coefficients were respectively
3.14 x10Y cm* for the 1107 cm™ oxygen band and 1.0 x10' cm™ for the
605 cm™carbon band. The samples were irradiated with 5MeV fast
neutrons at a fluence of ~ 1x10" n/cm? at T~ 40 °C. They were wrapped
in Cd foils to eliminate thermal neutrons and put inside sealed quartz
boxes to avoid water contamination. After the irradiations, 20 min
isochronal anneals of ~ 10°C steps were performed in open furnaces. At
the end of each annealing stage, infrared spectroscopy measurements

were carried out, at room temperature, with a Jasco-IR 700 double beam
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dispersive spectrometer with a spectral resolution of 1cm™. The
background two-phonon absorption was always subtracted with the use of

a reference sample of FZ silicon material.
B. Theoretical methodology

The DFT calculations were performed with the plane wave density
functional theory code CASTEP.323¢ Here the exchange-correlation
interactions were considered with the corrected density functional of
Perdew, Burke and Ernzerhof (PBE),* the generalized gradient
approximation (GGA) was used with ultrasoft pseudopotentials.® The
plane wave basis set cut-off was 350 eV, a 2 x 2 x 2 Monkhorst-Pack
(MP)3 k-point grid was used, in conjunction with a 250-atom supercell
under constant pressure conditions. The convergence and efficacy of this

theoretical methodology has been discussed in previous studies.3"4

3. RESULTS AND DISCUSSION

Fig. 1 presents the segments of the IR spectra in the range of 900 — 1040
cm? that are of interest. Three pairs of bands are shown: those of (934,
1018 cm™), (953,960 cm™?) and (987,993 cm™) previously correlated with
the Ci0;(Si;), the Ci(Si)) and the CiCs(Si;) complexes, respectively.?®3! In
this investigation we shall focus on the C;(Sij)) complex detected
experimentally after irradiation and formed as a result of the attachment
of a self-interstitial atom to the C; impurity in the course of irradiation.
Fig. 2 demonstrates the evolution with temperature of the 953 and 960
cm? bands of the Ci(Sij) defect. Notably, no other bands arise in the
spectra upon annealing out of the above pair of bands.

The 953 and 960 cm™ bands begin their annealing decay at the same
temperature that IS Tannea ~135 °C and both anneal out at T~190 °C. In



order to calculate the activation energies of the two IR bans it would be
necessary to study the annealing Kinetics that governs the reactions which
describe their decay. Using the methods of kinetic theory and the
Arrhenius theory of the reactions, we can estimate the order of the
Kinetics as well as the activation energies of these two bands.

The general expression for the reaction Kinetics that governs the

annealing out of a defect is given* by the formula

_anN _ Y
=l N" (1)

where N is the defect concentration, vy is the order of the reaction and

Eq
k = koe F5T (2)

Is the rate constant of the reaction, where kg is the Boltzmann constant.
The parameters ko and E, are the pre-exponential factor related to the so
called attempt-to-escape frequency and the activation energy,
respectively. They are both called Arrhenius parameters. The solution of
the above differential equation depends on the value of y. For the case of

a first order kinetics reaction (y = 1) we have the following expression#>4°

N(z) = N(0) e~ (3)

while for the case of a second order kinetics reaction 4*° (y = 2) we have

1
N@ =NO) 7o @
where N(0) and N(7) are the initial concentration and the concentration

after annealing time ¢ of the defect, respectively and k,, k, the
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corresponding rate constants as well. The diagram of In(kz) versus 1/T is
the Arrhenius plot of the process. If the used value of y produces a
Kinetics that best describes the experimental data, the Arrhenius plot is a
straight line, from the slope of which we can estimate the average
activation energy E, of the process. Our results give a best fit*® for y ~ 2,
corresponding to an absolute value of the correlation factor |r| = 0.98. For

this case, the expression of kyz is

1 1
O

k,t =
Fig.3 exhibits the Arrhenius plot for the decay of the 953 and 960 cm™
bands, for the case of the second order kinetics. The activation energies
for these bands are 0.93 and 0.92 eV, respectively.
The modeling®® of the reaction process indicates the sequential formation
of the Ci(Si), family by the addition of self-interstitials. Thus the
expected reaction that governs the annealing of our defect is
Ci(Siy) + Si; = Ci(Siy)2
We are compelled to accept that the concentrations of the C;(Si)) and the
Si, are about the same to justify the second order kinetics. Sources of the
self-interstitials are large defect clusters*’ produced in neutron irradiated
Si.  Reasonably, LVM modes related with the Ci(Si;), complex are
expected to exist. However, no IR bands appear in our spectra
concomittably with the decay of the Ci(Si;) complex bands. This is due to
the fact that the related signals to the C;(Si;), complex are very weak.
Notably, the signals of the Ci(Si;)) complex bands are just above the
detection limit of our equipment. Moreover, the possibility of other
reaction channels, as for instance Ci(Si;) + Ci(Si;) = (Ci)2(Siy)2, that lead

to the parallel formation of other complexes as expected theoretically*®, is



an additional factor corroborating the absence experimentally of any
bands of the C;(Si;), complex.

DFT calculations can provide complementary information on the
energetics and structure of the C;i(Si;) and the C;(Si)), defects that is not
easily accessible by experiment. To predict which the prevalent structure
IS we use energetic criteria and in particular binding energies. The
binding energy to form a defect cluster is given by the energy difference
between the defect cluster (i.e. energy of Ci(Si))) and the isolated
constituent point defects (i.e. energy of C;, Si)). A negative binding
energy translates to the defect cluster being more stable as compared to
its constituent point defects.

Here we have employed DFT to investigate the stability of C;i(Si;)) and
the Ci(Si;)), commencing with the C; defect and gradually adding Si
interstitials. The lowest energy structures for C;, Ci(Si;)) and Ci(Si)), are
given in Figure 4. Considering first the C;i(Si;) defect the Si, resides close
to the C; defect (distance 1.85 A, refer to Fig. 4(b)). The binding energy
of this defect is -1.93 eV suggesting that it is stable.

The addition of a further Si, leads to the formation of the C;(Si;), defect.
Here we calculated that the most stable configuration of C;i(Si;), defect
has a binding energy of -4.61 eV (refer to Fig. 4(c)), whereas a number of
others are energetically close. The latter maybe an additional explanation,
besides those mentioned above, on the reason why it is hard to detect a
single IR peak for the C;(Si;), defect — there could be more than one very
weak peaks, related with various close configurations of the Ci(Si))2
complex, that are hard to detect due to the low concentration of the
defect.



4. CONCLUSIONS

We have investigated the Ci(Si)), family of defects, and especially the
first two members (n=1,2), in neutron irradiated Si. We have verified the
existence of two bands at 953 and 960 cm™ previously correlated with the
Ci(SI;) complex. We have studied the annealing kinetics of the center and
we found that follows 2" order kinetics with an activation energy of
~0.93 eV. The observed kinetics supports the reaction C;(Si)) + Si; 2
Ci(SI))2. No band related with the Ci(Si;), complex was detected. DFT
calculations were employed to investigate the structure and energetics of
the Ci(Si)) and the Ci(Si)), defects. It is revealed that the C;i(Si)), defect
Is energetically bound to form with a binding energy of -4.61 eV, whereas
other configurations were energetically close. This degeneracy in the
energetics of the Ci(Si)), defect may explain the difficulty to identify a
single IR signal experimentally. The present study aims to encourage

further experimental investigations on this defect.
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Figure Captions
Fig. 1 Fragment of the IR spectra of neutron irradiated silicon.

Fig. 2 The thermal evolution of the 953 and 960 cm™ IR bands of the
Ci(S1)) complex.

Fig. 3 Arrhenius plot for the decay of the 953 and 960 cm IR bands.

Fig. 4 The lowest energy structures for (a) C;, (b) Ci(Si;) and (c) Ci(Siy)2

as calculated by density functional theory.
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