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Abstract

Density functional theory (DFT) with the Heyd-Scuseria-Ernzerhof hybrid functional was
used to predict the structure, formation energy, stability and the charge state transition
energy levels induced by carbon-oxygen related complexes as a result of hydrogen passivation
in silicon. Our results show that, in the neutral charge state the hydrogen interstitial (H;)
interacts with O;, C;, C,0;, C,;0,, and C,C; to form a stable O;H;, C;H;, C,O,H;, C,0;H,,
and C,C;H; defect complexes. Predicted charge state transition levels showed reasonable
agreement with the experiment. The charge state transition energy levels were found to
shift to the conduction band as a result of hydrogen passivation.
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1. Introduction

Silicon is the most widely used material in sensor devices, microelectronics and pho-
tovoltaic applications. Despite our ability to manufacture high purity almost defect free
silicon, defects in silicon still play a role either in as-grown material, or are produced during
fabrication processes or exposure to radiation during use. As a result, a detailed understand-

ing of the properties and the fundamental physics behind the behavior of defects in silicon is
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required in order to improve silicon devices as well as allow their use in new applications [1].
Carbon, oxygen and hydrogen are common impurity atoms found in silicon, and their pres-
ence is unavoidable [2]. Sometimes these impurities are intentionally introduced for example
in solar cell fabrication of a front facing silicon nitride anti- reflection layer, which results in
the reduction of surface recombination [3]. In order to understand the limitations in fabri-
cating ’defect-free’ silicon, as well as the behavior of defects in irradiated silicon, the study
of carbon-oxygen-hydrogen related defect complexes is necessary [4, 5, 6, 7, 8, 9, 10, 11].
In Czochralski silicon, carbon normally occupies the substitutional position (Cy) and the
oxygen interstitial (O;) occupies the bond-center position [3]. Electron irradiation at low
temprature generates silicon interstitials that displace C; leading to the formation of C;
which is mobile and can react with an O; to form the C;O; in high oxygen (CZ) material. A
further C; is able to displace the O; to form C,C; defect complex in low oxygen float zone
(FZ) material [12].

In the last few decades, the development of theoretical and computational hardware
techniques have made it possible to model the electronic structure of point defects in semi-
conductors to an acceptable level of accuracy possible. Several atempts were made to model
the carbon-oxygen-hydrogen related defect complexes, using the Generalised gradient ap-
proximation (GGA) and the Local density approximation (LDA). However the GGA and
the LDA do not predict the band gap of semiconductors accurately, while the Heyd-Scuseria-
Ernzerhof (HSE) functional is able to do so [13, 14]. Considering the fact that the charge
state transition level is an important electrical property of a defect system, and approximetly
corresponds to DLTS defect levels, we modelled some of the carbon-oxygen defect complexes
together with the impact of hydrogen passivation on their formation energy, binding energy

and the charge state transition energy levels using the HSE functional.

2. Computational Details

The plane wave density functional theory code QUANTUM ESPRESSO [15], and the
HSE functional [16, 17|, were used in this study. Norm-conserving pseudopotentials [18, 19]

were employed to separate the valence electrons from the core electrons. The formation

2



energy of a vacancy in a 64-atom, 96-atom, and 128-atom silicon supercell using 45 Ry
energy cutoff, and a 4 x 4 x 4 Monkhorst-Pack [20] k-point mesh was found to be 4.01 eV,
3.99, ev and 3.98 eV. The difference between the 128-atom and 64-atom supercell is 0.03 eV.
Then the total minimum energy of the 64-atom supercell was calculated using a 4 x 4 x 4
Monkhorst-Pack [20] k-point mesh, with the energy cutoff varied from 10 Ry to 90 Ry at
an interval of 5 Ry. The difference in the total minimum energy for both the neutral and
the charged cell between the 40 Ry and the 45 Ry cutoff energy was found to be less than
0.1 meV per atom. The total minimum energy of the same supercell was also calculated
using the 40 Ry energy cutoff, with the k-point mesh varied from 2 x 2 x 2 to 8 x 8 x 8
within the Monkhorst-Pack [20] scheme. The difference in the total minimum energy for
both the neutral and the charged cell between the 3 x 3 x 3 and the 8 x 8 x 8 k-point was
still found to be less than 0.1 meV per atom. Considering the fact that, HSE calculations
is very expensive and that the difference in the formation energy between the 128-atom
and 64-atom supercell is very small we decided to use the 64-atom silicon supercell with 40
Ry energy cutoff and 3 x 3 x 3 k-point mesh for all the calculations. The structure was
then optimised using HSE, and the band gap of silicon was calculated to be 1.18 eV which
reasonably agrees with both theoretical and experimental predictions. [21, 22, 23]. The 64-
atom supercell has previousely been used to model the properties of defects in Si [24, 25, 26].
The supercells containing the defects were then relaxed until the forces acting on each atom
were less than 0.001 eV/A and the difference in total energy between the iterations was
less than 107° eV. The formation energy of a defect in a charge state ¢ is derived from the
energy of the supercell with the defect (E(defect,q)), the energy of the pristine supercell
(E(pristine)), the chemical potential (1) of the atoms introduced or removed, the energy
of the valence band (Ey ), the Fermi level (er) and a correction term (EZ,,.). This can be
written as [27, 28, 29

Ef(defect,q) = E(defect,q) — E(pristine) + Z(An)lul +q[Ey +ep)+ EE,,. (1)

!

The electrostatic corrections Ef,, are computed using the Corrections For Formation Energy

and Eigenvalues for charged defect simulations Package (CoFFEE) [30]. The dielectric
3



constant of silicon used in the correction approach was taken from ref [31]. The Fermi
energy where the energies of formation of two charge states are equal is referred to as the

charge state transition energy level and is given by [27]

f e —0) — B log
e(a/d) = El(defect,q;ep = 0) — E' (defect,q;ep 0). 2)

q —q

The binding energy is the minimum energy required to dissociate a defect complex in to

separate non-reacting defects. This is given by [29, 32]
Eb - Z Ei];olated - Ecjlcefectfcomplex' (3)
1

Here ), Eifsolated is the summation of the formation energies of the isolated defects, and

Ef

de fect—comples 1S the formation energy of the defect complex.

3. Results and discussion

In this section, the geometric structure, formation energy, binding energy, and the ther-
modynamic charge transition levels of the O;, C;, C,0;, C;0;, C;H;, C,C;, O;H;, C,;O,;H;,
C;0,;H;, and C,C;H; are discussed.

3.1. Structural relaxation

Fig. 2 presents the structures of the defect complexes in the relaxed form and Table 1
presents the calculated shortest bond length distances in A between silicon atoms and the
introduced impurity atom. Defect complexes involving oxygen interstitials showed little re-
laxation. However, carbon interstitials relaxed significantly. The relaxed bond lengths of all
the impurities with their nearest neighbour atoms were always shorter than the relaxed Si-Si
bond length in the pristine environment. However, the carbon impurity at the substitutional

site had the shortest relaxed bond length.



3.2. Formation energy

The energy of formation at neutral charge state of the O;, C;, C,0;, C;0;, and C,C; de-
fect complexes together with the hydrogen passivated defect-complexes (O;H;, C;H;, C,O;H;,
C;0;H;, and C,C;H; ) are displayed in Table 2. The chemical potential of oxygen was taken
as zero in SiOq in order to avoid negative formation energies. The formation energy results
showed that, the defect complexes could readily be formed in CZ silicon, where the concen-

tration of oxygen and carbon impurities is significant.

3.3. Binding energy

In order to determine if the hydrogen passivated defect complexes can form, the bind-
ing energy for the respective defect complexes were calculated. The binding energy of the
defect complexes in their neutral charge state are presented in Table 2. The feasibility of
Si; displacing C, to form C; was confirmed both for isolated C, as well as the C;0; defect.
While the binding energy results predict that H; strongly bound with O; and C; to form the
O,;H; and C;H; defect complex. H; could also be bound strongly to C,0;, C;O; and C,C; to
form stable C,0,;H;, C;O;H; and C,C;H; defect complexes. C,C; had a low binding energy
of 0.25 eV, while the binding energy of O; in C;0; and C,0; was even lower at 0.19 eV
and 0.09 eV respectively. This agrees with the experimental observation that C,O; is the
first defect to be formed at low tempratures but very unstable whereafter, in silicon with
high oxygen concentration, C;0; is formed and C;C; is formed in silicon with low oxygen

concentration [12].

3.4. Thermodynamic charge state transition levels

The charge state transition energy levels (relative to the valence band) of the defect
complexes relative to the valence band are presented in Table 3. We compared the defect
levels with the available experimental data and previous DFT calculations. Fig. 1 presents

the formation energy of the thermodynamically stable charge state of the defect as a function
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of Fermi energy. Our results show that the oxygen interstitial (O;) is an electrically inactive
defect, which agrees with other theoretical predictions [7]. For O;H;, C;, C;H;, C;O; and
CsC;H;, double donor level close to the valence band were theoretically predicted but not
experimentally observed. In the case of C;H;, it might be close eneough to the valence band
that could not be observed by DLTS. For the C; and C,C;H; the other two donor levels
predicted agreed with experiment while for the O;H; levels, two levels around Ey + 1.0 eV
were predicted but only one observed experimentally. For the C;O; and C;O;H; only the
donor level predicted in the lower half of the band gap was observed, while for the C,C;
only the predicted acceptor level was observed, but the predicted acceptor level close to
the valence band was not observed. Recently, Barnard et al. [33] observed defects believed
to be the C;H; and C;O;H;. In the case of the C;H; the experimental level agrees well
with a predicted acceptor level. For the C;O;H;, by ref [3] a level attributed to the C;O;H;
agrees reasonably well with the predicted donor level, while the predicted acceptor level was
observed by Barnard et al. [33]. The C,0; is probably too unstable to be observed. Except
for O; (which is electrically inactive) the theoretical calculations, the addition of H seems to
have caused a shift of the charge transition levels to the conduction band by about 10-300

meV.

4. Summary

Hybrid density functional theory was used to investigate the formation energies, stability,
and the thermodynamic transition energy levels of carbon-oxygen defect complexes before
and after hydrogen passivation. The formation energies at zero charge state showed that H;
can readily interact with the carbon-oxygen complexes to form the carbon-oxygen-hydrogen
defects complexes. The binding energies at zero charge state indicated that the defects are
stable and do not dissociates before and after hydrogen passivation. The predicted charge
state transition energy levels shift towards the conduction band of the defect energy levels
after hydrogen passivation. Except for the predicted double donor levels which are not
observed experimentally, the O;H;, C;, C,C;, C;,0;H;, and C,C;H; showed good agreement

with experimental DLTS levels. For C;H;, C;0O;, one charge transition agreed well while the
6



other was not observed and for the C,O;H;, some discrepancy between one predicted level

and experiment was observed while the other predicted level agreed with experiment.
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Table 1: Predicted bond length and bond angle, between the impurity atoms and the nearest Si atom
after relaxation of the neutral defect. The bond length g is before relaxation, (with atoms placed at high
symmetry points) S, is after relaxation and Ay is the absolute difference between the bond lengths before
and after relaxation and 6 is the bond angle between the impurity atom and the next nearest neigbor silicon

atom. All values of bond length are in A and bond angle 6 in degrees

Bonds ag Ba Ay 0

O-Si .71 1.79 0.08 115.02
C-Si (C;) 203 193 —0.10 93.10
C-Si (C,) 2.37 220 —0.17 102.91
H-Si 2.03 1.88 —0.15 70.52

Table 2: The formation energy Ef at e = 0, and binding energy By of the above defects in eV
Defect  Reaction Bg=— AE/ E/

O; — — 2.14
O;H; O, + H; 0.49 3.52
C; — — 1.07
C:H; Ci + H; 0.62 2.33
C;0; Cs + 0O; 0.09 2.40
C,O;H; C,0; +H; 0.69 3.58
C;0O; Ci +0; 0.19 3.02
C; Cs + Si; 0.97 1.07
C;0; Cs0; + Si;  2.75 3.02
C,O;H; C;0; + H; 091 3.98
CC; Cs + C; 0.25 1.17
C,CH; C,C; +H; 0.40 2.64




Table 3: The thermodynamic charge state transition energy levels e(¢/q’) in eV with respect to the energy

of the valence band Ey, for the defects considered in this study

Defect  Reference (+2/+1) (+1/0) (0/—1)
O; This study Inactive.
Theory [7] Inactive.
O,;H; This study 0.23 0.96 1.10
Experimental [34] - 1.00 -
Ci This study 0.27 0.30 1.04
Experimental [35, 36], [37] — 0.28 1.06
C;H; This study 0.05 0.32 1.07
Experimental [33] - — 1.03(?)
Cs0; This study - 0.67 —
CsO;H; This study — 1.00 1.14
Experimental [38, 39] — 0.33 1.01
C;0;  This study 0.17 040  0.71
Experimental [35] — 0.38 -
C;0;H;  This study — 0.50 0.78
Experimental [3] - 0.41 -
Experimental [33] - — 1.08(?)
CsC; This study — 0.02 0.78
Theoretical [40] - 0.06 0.79
Experimental [12] - - 1.00
CsC;H; This study 0.18 0.33 1.00
Experimental [41] - 0.38 0.97
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Figure 1: The thermodynamic accessible charge states for O;, O;H;, C;0;, C;O,;H;, C;0;, C;0;H;, C;C;

and C;C;H; defect complexes. The formation energy scale ranges from 0 to 5 eV and the Fermi energy scale

ranges from 0 to 1.18 eV.
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Figure 2: The relaxed geometric structures of the (a) pristine, (b) O;H;, (¢) C;H; (d) C;0;H;, (e) C;O;H;,
and (f) C;C;H;. The blue balls represents silicon atoms, the green ball represent the next nearest neigbor
silicon atom with respect to all the defects, the black balls represents carbon atom, the red balls represent

oxygen atom and the yellow balls represent hydrogen atoms repectively.
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