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ABSTRACT

Systematic density functional theory (DFT) calculations were used to predict the
lowest energy structure of the substitutional carbon- dioxygen (CsOzi) defect in silicon
(Si). Thereafter, the dipole-dipole interaction method was employed to calculate the
local vibration modes (LVM) of this lowest energy structure. We found that the CsO»;
defect is characterized by two LVM frequencies at 1051.4 and 1166.3 cm™. These
values are quite close to experimental bands of earlier studies at 1048 and 1094 cm™
(deviation ~6.5%) reported in the literature, both attributed to the CsOzi defect. In this
work, Infrared Spectroscopy (IR) measurements were carried out at room temperature
(RT), to study defect signals after electron irradiation in Si samples. Next, isochronal
anneals were carried out to monitor the thermal evolution of the bands. We mainly
focused on a band at 1048 cm™ grown in the spectra upon annealing out of the 830
cm band of the vacancy-oxygen center (VO) and the 861 cm™ band of the carbon
interstitial-oxygen interstitial (CiOi) center. The analysis and examination of the
results lead us to suggest that the 1048 cm™ band originates from the CsO2i complex,
formed according to the reaction: VO + CiOi - CsOai. The other band at 1094 cm™ is
most probably masked by the very strong band of O; (1107 cm™, at RT) in Si.
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INTRODUCTION

As Si is a key material in the semiconductor industry (optoelectronics,
nanoelectronics, solar cells and sensors) its quality is important for the functionality
of devices. This is affected by impurities and defects introduced in the lattice in the
course of material growth and/or of material processing.1® The understanding of the
structure, properties and behavior of defects in Si is highly significant both for
scientific and technological reasons.* 2

Oxygen and carbon are the most common impurities unintentionally
introduced in the Si lattice, during crystal growth and device processing.’*° Although
both are electrically inert in the Si lattice (oxygen as an interstitial, (Oi) and carbon as
a substitutional, (Cs)) they can affect the electrical properties of Si upon material
possessing through the formation of various complexes (for example, thermal donors
and oxygen precipitates created upon thermal treatments).”® 114 Additionally, the C
and O impurities lead to the formation of a number of complexes upon irradiation
and/or implantation. Important among them are the VO, CiO; and CiCs pairs, which
are electrical active and introduce levels in the Si lattice.”® Their presence leads to
performance losses and degradation of the devices. 1> Furthermore, upon annealing
these defects participate in a variety of reaction channels leading to the formation of
numerous second generation complexes.

Here we focus on carbon-oxygen defects and in particular on the CsOz;i defect.
This complex has been detected in a number of experiments under different
conditions of irradiations carried out at various temperatures. Previous studies have
detected two IR bands at 1052 and 1099 cm™ measured at low temperature and were
attributed®* to a C-O complex. These bands were later correlated with the CsOai
complex, and in particular with two oxygen-related LVMs of its structure.?>%" CsOyi is
a second order generation defect and one way to form?® ?° is by the interaction of the
VO and the CiO; pairs upon their annealing around 300 °C. The suggested reaction is:
VO + CiOi = CsO2. Notably, although VO and CiO; anneal out mainly by
dissociation, a small percentage of them could migrate” ° as entities and upon their
encounter produce the CsO2i complex. In this scheme, vacancies liberated from the
dissociation of VO react with CiO; to form in the first place CsO; pairs, which then
capture O; from the dissociated C;O; pair to form finally CsO.i. The latter center could
also be produced® by the reaction Ci + VO2 = CsOzi were C; are produced by the
liberation of the CiOi and VO- are formed as a result of the VO annealing (VO + O; >



VO,). The same reaction was suggested®> 3 for irradiations at 400-600 ‘C. The 1052
and 1099 cm™ bands have also be reported in thermally treated Si material were it was
suggested®* that the capture of oxygen dimers_Ozi by Cs impurities could lead to the
formation of the CsO2 complex (Cs + Oz —> CsO2). We note that, in RT
measurements the two bands of the complex shift to the values®® 1048 and 1094 cm™.

In the present study we systematically investigate the lowest energy
configuration of the CsO2i defect using DFT calculations. This structure is then used
in dipole-dipole interaction methods to calculate the LVM frequencies of the CsOz;

structure. These were compared with IR spectroscopy measurements.

METHODOLOGY
Experimental methodology

We used Czochralski (Cz-Si) prepolished samples with typical dimensions of
15x10x1.8 mm?®. The samples, purchased from MEMC, were initially p- type (boron
doped) with resistivity p~ 10 Q cm. The initial oxygen and carbon concentrations
were [Oi] = 1x10'® and [Cs] = 1.6x10Y" cm™3, respectively. Float-zone (FZ) samples of
[Oi] = 1x10'® cm™ and [Cs] below detection limits were also used for comparison
purposes. The Cz-Si samples were irradiated with 2 MeV electrons with a fluence of
1x10* cm™ at about 80°C, using the Dynamitron accelerator at Takasaki-JAERI
(Japan). After irradiation the samples were subjected to isochronal anneals up to
~600°C in open furnaces, in steps of ~10°C and 20 minutes duration. After each
annealing step, IR spectra were recorded at RT by means of a Fourier Transform
Infrared spectrometer (JASCO-470 plus) with a resolution of 1cm™. The two phonon
absorption was always subtracted from each spectrum by using a reference sample of
equal thickness from FZ material.

Theoretical methodology

Spin-polarised DFT calculations as implemented in the VASP code®® 3" were
used. This code uses plane wave basis sets and projected augmented wave (PAW)®
potentials to solve the standard Kohn-Sham (KS) equations. All calculations were
performed using a supercell consisting of 250 Si atoms. The generalized gradient
approximation (GGA) as parameterised by Perdew, Burke and Ernzerhof (PBE)* was
used to model the exchange correlation effects. A plane wave basis set with a cut-off
of 500 eV and a 2 x 2 x 2 Monkhorst-Pack* k-point mesh which yielded 8 irreducible



k-points were used. Geometry optimisations were performed under constant pressure
conditions (both positions of atoms and lattice parameters were relaxed
simultaneously) with the aid of a conjugate gradient algorithm.** All optimised
configurations reached the required accuracy of convergence (force tolerance 0.001
eV/A and stress tensor 0.002 GPa). Bader charge analysis*> as implemented in the
VASP code was carried out to determine the charges on the C, Si and O atoms. The
dispersion interactions were included in a semi-empirical form as implemented by
Grimme et al.*® The efficacy of electronic structure simulations to model group 1V
semiconductors and the importance of related defects has been demonstrated in

previous works.*4

RESULTS AND DISCUSSION

Fig. 1 displays the IR spectra of the Cz-Si samples recorded after irradiation
and at a characteristic temperature of 350 °C in the course of 20 min isochronal
anneals performed after the irradiation. They represent a segment of the whole
spectrum in the range 800-1100 cm™. In this range we observe LVM bands of well-
known defects as VO (830 cm™), CiOi (861 cm™), CiOi(Sii) (936, 1020 cm™) after
irradiation (lower curve), and VO_ (888 cm™) as well as bands at 1020 and 1048 cm™

at 350 °C (upper curve).
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Fig. 1 Characteristic segments of the IR spectra of the Cz-Si samples after irradiation

and at 350 °C of the isochronal anneal sequence.



The band at 1020 cm™ in the upper curve is different from that at 1020 cm™ of the
lower curve, originated*® from the CiOi(Si)) complex and annealed out at ~ 200 °C.

The investigation of the latter band at 1048 cm™ is the main aim of this work.

Fig. 2 demonstrates the evolution with temperature of the VO, CiO;, VO2 and
1048 cm™ bands. 1048 cm™* band seems to arise in the spectra upon annealing out of
the VO and the CiO; defects. It has been correlated®®2® with the CsO2i complex. In the
work below, we have used theoretical results employing DFT and dipole-dipole
approximation methods, which we combined with experimental results from IR

spectroscopy to investigate the above attribution.
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Fig. 2 Thermal evolution of the VO, CiOi, VO, defects and the 1048 cm™ band upon
isochronal annealing up to ~ 500 °C.

The carbon substitutional (Cs) defect in Si

First we considered the single-carbon doped silicon, the relaxed structure of
which is shown in Figure 3a. Table 1 lists the calculated bond distances and bond
angles near the defect. Doping introduces a small distortion in the lattice with the
formation of shorter Si-C bonds (~2.00 A) than the Si—Si bonds calculated in bulk
silicon (2.36 A) (refer to Table 1) and displacement of Si atom towards dopant.
Furthermore, there is a slight perturbation in the Si—Si bond distances around the

defect (refer to Table 1). The bond angles (Si—Si—Si) in a tetrahedral Sis unit in the Si



Fig. 3 (a) Relaxed structure of a single C-doped silicon, (b) a clear view of the defect

structure and (c) Bader charges on the atoms near the defect.

Type of bond Bond distance (A)
Sii—C 2.02

Si>—C 2.02

Siz—C 2.01

Sie—C 2.01

Si1-Sig 2.40

Si1—Sig 2.40

Si1—Siu 2.40

Si>—Sis 241

Sis—Sis 2.35

Sig-Siz 2.35

Sis—Si7 2.40

Sig—Si1o 2.35

Type of angle Bond angle (°)
Si1CSiz 109.53




Si1CSis 109.45
Si1CSig 109.40
Si2CSis 109.44
Si2CSis 109.47
SigSiiSig 102.54
SigSi1Sin 102.72
SigSi1Sin 102.66

Table 1. Selected bond distances and bond angles in the relaxed structure of a single

C-doped silicon.

are calculated to be 109.3°-109.6°. These values do not deviate much from those
calculated in the CSis tetrahedral unit. In the tetrahedral unit formed by the displaced
Si atom (Si1CSisSi11), there is a slight elongation in the bond lengths (2.40 A) and a
significant reduction in the bond angles (102.5°) due to the upward movement of Si.
Bader charge on the doped C is —4.11 showing the significant electron gain from the
nearest neighbour Si atoms. This is further evidenced by the positive Bader charges
(4x~1.00) on the four Si atoms attached to the C. This is clearly due to the higher
electronegativity of C (2.55) than that of Si (1.90).°

The CsO2i defect

Next we considered the oxygen di-interstitials in carbon-doped silicon (CsO2;
defect). The optimised structure is shown in Figure 4, the density of sates (DOS) and

charge density plots are shown in Figure 5.



Fig. 4 The CsO»; defect. (a) Relaxed structure of oxygen di-interstitials at a single C-
doped silicon, (b) a clear view of the defect structure and (c) Bader charges on the

atoms near the defect.

(b) C_DOS (c) O(1)_DOS (d) 0(2)_DOS =i

— s (spin_down) — s (spin_down) — s (spin_down)
= pspin_up) ~ p (spin_up) K ~— p (spin_up)
I

— p (spin_down)

DOS (arb.unit)
T

DOS (arb.unit)
>
<

=
5;
DOS (arb.unit)
%% e
%
DOS (arb.unit)
?
¢
: |
B

E; =594V

T
0 1 2

34 5 67
Energy (eV)

Fig. 5 (a) Total DOS plot, (b) atomic DOS plot of C, (c) atomic DOS plot of O, (d)
atomic DOS plot of O, (e) total charge density plot; decomposed charge density plots
associated with (f) C, (g) O: and O2. Charge density plots were constructed using an

isosurface value of 0.06.

The selected bond distances and bond angles retrieved from the relaxed structure are
shown in Fig. 6 in the LVM band estimation section (see below). Each oxygen atom

8



is bonded to two Si atoms in which one of them is directly bonded to C. The SizC
tetrahedral unit exhibits shorter Si—C bond distances as discussed earlier.
Interestingly, the Si;-—C bond distance is shorter by ~0.1 A than that calculated in the
tetrahedral unit of C-doped silicon. This is clearly due to the high Bader charge of
+3.01 on the Siy which forms strong bond with C. The amount of electrons on the C
(—4.10) is donated by four Si atoms (4x~1.00). The rest of the Bader charge of +2.00
on the Siy is due its donation of one electron each to the interstitial O atoms. The
remaining one electron for each oxygen atom form O2  is donated by adjacent Si
atoms (Sig and Sig). Though the donation of one electron is directly from Sig to O4, the
electron donation from Siy is not straight forward. That donation is obviously from the
Si1o but via Sig as Sizo—O2 bond distance is too long (2.63 A) for the direct donation.
Both oxygen interstitials form bent structures with adjacent Si atoms with the bond
angles of 141.68° and 150.92°.

The total DOS plot (see Figure 5a) shows that C—doped silicon is a
semiconductor. The p-states of C are mainly located in the valence band showing the
strong bonding nature of C with silicon bulk (see Figure 5b). This is further confirmed
by the total charge density plot and decomposed charged density plot associated with
C. Atomic DOS plots associated with interstitial oxygen show that p-states of oxygen
atoms are strongly bound to silicon atoms they directly attached to and doped-C as

evidenced by their decomposed charged density plots.

LVM band estimation of the CsO2i defect via the Dipole-Dipole Interaction
Method

Fig. 6 demonstrates the lowest energy configuration of the CsO»; defect, in a
unit cell, as derived from DFT calculations. The CsOi(1) and Oi() defects with reported
apparent charges'® can be considered as two oscillating interacting dipoles. Mainly
interested at frequencies around and above 1000 cm™, the investigation of the LVM
lines of CsO2; was planned and carried out considering the perturbation of the oxygen
related line’ of CsOiq) at 1103 cm™ by the presence of a second oxygen interstitial
atom (Oi()).
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Fig. 6 Schematic representation of the CsO»; configuration in the unit cell. Blue, black
and red circles correspond to Si, C and O atoms. Small blue hexagon is for the
reduced mass, p (see text). Sii, Sis, Sis atoms are located at the center of cubic sides
and Sig, Si1; atoms are located respectively at (1/4, -1/4, 1/4) and (3/4, -1/4, 3/4) sites
of the neighboring unit cell from paper plane to reader. Bond angles are noted on the
figure and bond lengths are grouped in the inserted frame. Blue arrows indicate the

oscillation directions of the CsOi() and the Oi) dipoles.

Regarding the CsOiq) dipole, Cs and Oj1) atoms are considered as one particle with

mass equal to the reduced mass of oxygen and carbon atoms p, located at the center of

mass, at distance d from Oj) atom. The reduced mass p is derived from the relation
T (1)

mop+mgc

while the distance d from the relation

10



— _mc
d = orme 4es0i) 2)

where mp=16 amu, mc =12 amu are the masses of the oxygen and carbon atoms,

respectively and dCSOi(l) = 2.817 A is the distance between the Cs and Oj() atoms.

The calculated values for p and d, are p=11.38 110% kg and d =1.206 A,
respectively.
The effective charge of CsOiq) attributed to the 1103 cm™ oxygen-related line is

concentrated on the CsOiq) reduced mass p, and is equal'® to Zc,0y1 = 30 lel, where

le| is the electron charge. The effective charge concentrated on the Oie) atom is equal
to'® Zo, = 4.1 |e|, where |e] is the electron charge.

The procedure to evaluate the LVM frequencies of the CsO»; defect utilizes a
well-gstablished®**! method founded on the interaction of the CsOiqy and Oiz) dipoles.

The force constant of the perturbed oscillating CsOi) entity is Keo0i0 and is given

by the relation
2
Kes0i0) = H(wcsoi(l)) (3)

where WCe0;01 is the oxygen related LVM frequency of the We 041 defect at 1103 cm’
1 After substituting the values of p and We 041, in Eq. (3) we find Keo0i0) = 498.4

N/m.

We adopt the C-p direction for the oscillation of the reduced mass of the

CsOic dipole and the Si1-Sig direction for the oscillation® of the Oi) dipole.

The formulae for the dipole moments pcsoi(l)and Po;, become

pCSOi(l) = ZCSOi(l)qlali poiz = ZOi(z)QZq\Z (4)

where q4, |, are the unit vectors along the oscillation directions of the dipoles. The

potential energy of the interacting dipole moments is given by®3

U = PCs0j(qy - poi(z)_3(fL pCsOi(1))(ﬁu l[’Oi(z))
int — 3

(®)

du-0i(z)

S

where f is the unit vector along the direction that connects the two dipoles and

dy-0,,)= 2:28 A is the distance between them.

The motion of the two dipoles is described by the effective Hamiltonian

11



H=H, + Ujp=H, + 7\(11% (6)

where Ho corresponds to the kinetic and potential energy parts of the oscillation of the
u and Oi() particles. By comparing Eqg. (5) and (6) we derive the g-independent part A,
to be A=51.5 J/m?.

The Hamiltonian of Eq. (6) has two normal modes with frequencies

KCSOi -A
W1,c50,; = + (7
and
Kcsoi +A
W2,C,0, = + (8)
For K¢ o5, = 4984 N/m we find w; ¢ 0,,=1051.4 cm™ and w;c,0,,=1166.3 cm™.

The frequency at 1051.4 cm™, corresponding to the symmetric vibrational mode
related to the 1103 cm™* oxygen-related mode of the CsO; defect matches the detected
line in our spectra at 1048 cm™, as well as the lines reported at earlier studies.?>%,
The frequency at 1166.3 cm™, corresponding to the antisymmetric mode of the CsOai
related to the same oxygen-related LVM at 1103 cm™ of the CsO; defect, also lies in
the immediate vicinity of the experimentally detected line correlated with the CsOgi
defect at 1094 cm™ (deviation by ~6.5 %).2>%2 The above results enhance the

assignment of the 1048 cm™ to the CsOxi defect.

CONCLUSIONS

To summarize, the aim of the present study was to investigate the CsO.; defect
in Si. Density functional theory (DFT) calculations were performed to find the most
energetically favourable structures of oxygen di-interstitials near a carbon
substitutional atom in silicon (CsO2i). The application of DFT technique allowed us to
analyze the interaction of oxygen di-interstitials with carbon and to calculate the
amount of charges on the atoms near the defects. Afterwards, the dipole-dipole
interaction method was employed to calculate the Local Vibrational Mode
(LVM) frequencies related with the most probable structure of the CsO2; defect, as
suggested by DFT. Two bands at 1051.4 and 1166.3 cm™ were estimated. These
values are in agreement with the experimental values at 1048 and 1094 cm™,

12



previously reported in the literature. Next, Infrared spectroscopy (IR) measurements
carried out at Room Temperature (RT) detected a band at 1048 cm™ raised in the
spectra upon annealing out of the two bands of the vacancy-oxygen (VO) and the
carbon interstitial-oxygen interstitial (CiO;j) defects. The behavior of this band, its
formation temperature and its thermal evolution strongly suggest correlation with the
CsO2;i defect. The other band of the structure at 1094 cm™ was not detected in this
study of RT measurements, probably because its weak signal is masked by the very
strong band of oxygen interstitial (Oi) at 1106 cm™. This systematic study on the
structure and properties of the CsO»; defect is expected to lead to further experimental
and theoretical work on higher order carbon-oxygen defects that are important for Si
based devices.
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