First-principles study of the impact of hydrogen
passivation on the charge state transition levels of
the C;0,(Si;),, defect complexes in silicon
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Abstract Density functional theory (DFT) with the Heyd-Scuseria-Ernzerhof
hybrid functional, was used to predict the stability, formation energy, geomet-
ric structure, and the charge state transition levels of the C;0;(Si;),, defect
complex in silicon for n = 0, 1, 2. The effect of hydrogen passivation on the
properties of the C,;0,(Si;),, defect complex was also investigated. The results
for the binding energies confirm the stability of the defect complexes at neutral
charge state. The charge state transition levels showed that C;0O; induced a
shallow donor level, and a deep acceptor level. The C;0;Si; and the C;0;(Si;)2
induced deep donor levels. After hydrogen passivation the acceptor level of the
C,0;8i; and the C;0,(Si;); defect complexes disappeared and the donor levels
for all the defect complexes moved deeper in the band gap.

Keywords Formation energy - Defect complexes - Charge states - Binding
energy - Defect level

1 Introduction

Silicon (Si) has been used for applications in microelectronic, photovoltaic, and
sensor devices [1]. As a result, silicon has become one of the most widely stud-
ied materials both experimentally and theoretically. Despite the development
of new semiconductor materials, silicon is still the most common material used
in electronic industries [2]. Therefore, it is important to improve silicon devices
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and allow their use in to new applications by understanding the limitations
of silicon at a fundamental level [3]. Carbon and oxygen are common impu-
rities in silicon grown by different methods [4]. Therefore the understanding
of oxygen and carbon- related defects is necessary in order to address the dif-
ferent technological challenges, particularly the limitations in fabrication [5],
6], [7], [8], [9], [10], [11], [12]. In radiation-damaged Czochralski (Cz) silicon,
carbon and oxygen combine to form the C;O; defect complex, also called the
C3 defect [13], [3]. For higher irradiation doses, the C;0;Si;, known as the
C4 center, is formed and even complexes of the form C;0;(Si;)2 have been
observed [10], [14], [15], [15], [16]. In the last couple of years, advances in
theoretical techniques and computational hardware have made it possible to
model the electronic structure of point defects in semiconductors to an ac-
ceptable level of accuracy. For example the C;O; defect which was reported
to have a measured donor level (+1/0) at Ey + 0.38 eV [17] was modelled by
Backlund et al. [18] using the local density approximation (LDA) predicting
a donor level at Ey + 0.3 eV. Using the same LDA functional, a donor level
at Ey + 0.74 eV, was reported for the C;0;Si; defect complex [18]. It was
reported that in all silicon fabrication processes, the hydrogen impurity is al-
ways found at the interstitial sites, and can diffuse very fast to bind to native
point defects thereby eliminating their electrical activity or induce electrical
activity in other defect complexes [19]. Recently measured transient capaci-
tance data was used to characterizee clean silicon surface state and copper
contaminated silicon surfaces [20]. Hydrogen was found to passivate both the
clean and copper contaminated state [21]. Similarly hydrogen was also found
to passivate carbon-oxygen related defect complexes in Cz silicon [22]

The charge state transition levels of a defect are important parameters de-
scribing its behaviour and approximately correspond to deep-level transient
spectroscopy (DLTS) levels. Since both the generalised gradient approxima-
tion (GGA) and the local density approximation (LDA) wrongly predict the
band gap of semiconductors, and the Heyd-Scuseria-Ernzerhof (HSE) func-
tional is able to do so [23], [24], we decided to model the defect levels of the
C;0;, C;0;Si;, and the C;0,(Si;)2 defect complexes, together with the hydro-
gen passivated defects C;0;H;, C;0;Si;H;, and the C;0;(Si;)2H;.

2 Computational details

The QUANTUM ESPRESSO software package [25], with norm-conserving
pseudopotentials [26], [27], was used to perform the density functional theory
(DFT) calculations using the Heyd-Scuseria-Ernzerhof (HSE) functional [28],
[29]. The formation energy of a defect was calculated as described by ref [30],
[31], [32], [33]:

EY(defect,q) = E(defect,q) — E(pristine) + Z(An)l,ul +q(Ev +ep|+EL,,,

l
(1)
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where ¢ is the charge of the supercell containing the defect, E(pristine), is the
energy of the supercell without the defect, y; is the chemical potential of atom
[ added or removed from the defect, Ev is the energy of the valence band,
and ep is the Fermi level relative to the valence band. For charged supercells
the electrostatic corrections E¢, . were computed using the Corrections For
Formation Energy and Eigenvalues for charged defect simulations (CoFFEE)
package [34]. The dielectric constant of silicon used in the correction was taken
from ref [35]. The binding energy is the difference between the energy of the
defect complex and its separate non-interacting constituent defects which is
given by [36] [33]:

_ f f
Eb - Z Eisolated - Edefect—complex’ (2)
l

where ), E{s olateq TePTEsents the summation of the formation energies of the

isolated defects, and E(J;e Fect—complex 1S the formation energy of the defect com-
plex. The charge state transition level is the Fermi energy where the energies

of formation of two charge states are equal and is given by [37][33]

e(a/d) = Ef(defect,q;ep = 0) — Ef (defect,q';er = O). 3)

q —q

Following a convergence test, all calculations were done using a 216-atom
supercell, a 2 x 2 x 2 Monkhorst-Pack [38] grid of k-points, and a 45 Ry energy
cut-off. The Perdew-Burke-Ernzerhof (PBE) GGA functional was used to de-
termine the effect of supercell cell size by calculating the formation energies
of the neutral C;0,;(Si;)2 defect complex using 64, 216, and 512-atom silicon
supercells with a 3 x 3x 3, 2x2x 2 and 1 x 1 x 1 Monkhorst-Pack [38] grid of
k-points, respectively. The energy cut-off was 45 Ry. The difference in the for-
mation energies between the 512-atom supercell and 216-atom supercell was
less than 0.01 eV. It was decided that the increase in accuracy provided by
the 512-atom supercell was not worth the additional computational expense.
The convergence test with respect to the cut-off energy was performed using
a 216-atom supercell and a 2 x 2 x 2 Monkhorst-Pack [38] grid of k-points.
When varying the cut-off energy from 45 Ry to 90 Ry, the total energy per
atom only changed by 0.1 meV. The difference in minimum energy between
the 3 x 3 x 3 and 2 x 2 x 2 k-point mesh was also less than 0.1 meV per atom.

Using these parameters, a pristine silicon supercell was constructed and
fully relaxed using the PBE functional. Hereafter the HSE functional was
used to determine the electronic structure from which a band gap of 1.18 eV
was determined, which is in good agreement with the previous theoretical and
experimental results [39] [40] [41]. The fully relaxed supercell using PBE was
then modified to incorporate the defect under study. After this point, only
atomic positions were relaxed keeping the dimensions of the cell constant. The
supercells containing the defects were relaxed until the forces acting on each
atom were less than 0.001 eV/A and the difference in total energy between
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the iterations was less than 10~° eV. Then the HSE functional was used for
all the electronic structure calculations.

3 Results and discussion
3.1 Structural properties

The relaxed structures of the defect complexes are shown in Fig. 1. Table 1
presents the predicted shortest bond length distances in A between the silicon
atoms and the introduced impurity atom. The stable structure as suggested
by ref [3] was used for all the calculations. Typically, with atoms placed at
their high symmetry positions, complexes involving H;, C;, O;, and Si; atoms
relaxed significantly, with a decrease in bond length for the O; and H; versus
an increase in bond length for the C; and Si; impurities. For a given species
of atoms the bond lengths did not change significantly between the complexes.

3.2 Binding energy

Table 2 presents the computed binding energies for all the defect complexes.
Here it can be seen that C; and O; can form a stable C;O; defect complex. Si;
can also bond strongly with C;0O; to form the C;0;Si; defect complex. Another
Si; can readily bond to C;0;Si; to form a stable C;0;(Si;)2 defect complex.
Our results also showed that H; readily interacts with C;0O; to form a stable
C;0;H; defect complex. C;0;Si; also can readily interact with H; to form a
stable C;0;Si;H; defect complex, and lastly H; also binds to C;0;(Si;)2 to
form a stable C;0,(Si;)2H; defect complex.

3.3 Thermodynamic transition energy levels

The charge state transition levels with respect to the energy of the valence
band (Ey) of all the defect complexes are presented in Table 3. Fig. 2 shows
the plot for the formation energy as a function of Fermi energy. There was
good agreement between our results and the experimentally measured donor
levels for the C;O; and the C;O;H; defect complexes, the only complexes
for which the experimental results were available. For the C,;0;, the results
obtained from this study are closer to the experimental values than those
obtained by using LDA calculations. The donor level of the C;0;Si; defect
agreed reasonably well with a previous LDA calculation. For other defect levels
there is no available experimental or theoretical data. For the defect C;0;Si;
and C;0;(Si;)2 when compared to C;O; the donor level increased from 0.37
eV to 0.66 eV and 0.74 eV, moving towards the middle of the band gap.
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Except for C;0; defect complex all donor levels of all the defect complexes
shifted deeper to the conduction band after hydrogen passivation. While the
shallower acceptor levels disappeared completely in to the conduction band.

4 Summary

Detailed calculations of the formation energies, binding energies, and the ther-
modynamic transition energy levels of C;0;(Si;),, defect complexes before and
after hydrogen passivation was carried out, using the hybrid density functional
theory. The binding energies at zero charge state showed that H; can readily
interact with the C;0;(Si;),, defect complexes to form the stable C;0;(Si;),H;
defects complexes. The predicted donor levels shifted towards the conduction
band after hydrogen passivation. While the shallower acceptor levels disap-
peared after hydrogen passivation. The shallow double donor electronic levels
also shift towards the conduction band making a deep double donor level after
hydrogen passivation, except for the C;0; defect complex, where the shallow
double donor level shift to the valence band. Agreement was found with the
experimental donor levels of C;0O; defect complex before and after hydrogen
passivation. There is also an agreement for the donor level predicted by GGA
calculations for the C;0;Si; defect complex, and no available experimental or
theoretical values for the other defect complexes.

Table 1 The predicted bond length between the impurity atoms and the nearest Si atom
before and after relaxation of the neutral defect. g, B4, Aq, and 6 are the bond length
before relaxation, bond length after relaxation, the difference between the bond lengths
before and after relaxation, and the bond angles after relaxation respectively. All distances
are in A, and all angles are in degrees.

Bonds g Ba Aq 6
0;-Si 2.03 1.76 —0.27 89.0
203 179 —-0.24 1404
2.03 187 —0.16 132.0
C;-Si 2.03 1.78 —0.25 140.5
2.03 1.80 —0.23 125.0
203 176 —-0.27 93.0
H;-Si 1.71  1.88 0.15 123.6
1.71 1.85 0.14 120.3
1.71 1.89 0.18 113.8
Si;-Si 2.03 227 0.24 148.4
2.03 2.28 0.25 145.5
2.03 2.27 0.24 148.0
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(b)

. (c)

Fig. 1 The relaxed geometric structures for the (a) C;O;H;, (b) C;0;Si;H;, and (c)
C;0;(Si;)2H; defect complex. The blue balls represent silicon atoms, the green balls rep-
resent silicon self interstitial, the black balls represent carbon, the yellow balls represent
oxygen, and the red balls represent hydrogen atoms.
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Fig. 2 The plots of the thermodynamic charge state transition energy levels for the (a)C;0;
(b) C;0;H; (c) C;0;Si; (d) C;0;51;H; (e)C;0,(Si;)2 and (f) C;0;(Si;)2H; defect complexes.
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Table 2 Binding energy E; for the neutral charge state of the defect complexes in eV.

Defect Reaction Ey

C;0; C; + O; 1.86
C;0;H; C;0; + H; 0.48
C;0;Si; C;0; + Si; 0.47
C;0,;Si;H; C;0;Si; + H; 0.28
CZOZ(SIZ)Q C;0;Si; + Si; 0.32
CiOi(Si;)2H;  C;04(Sis)2 + H;  0.19

Table 3 The thermodynamic transition energy levels €(q/q’) with respect to the energy of
the valence band Ey for the defect complexes.

Defect Study (+2/+1) (+1/0) (0/—-1)
C;0; This study 0.29 0.37 —
LDA model [19] — 0.30 -
Experiment [18] — 0.38 —
C,;0;H; This study 0.18 0.52 —
Experiment [42] — 0.41 —
C;0;S51; This study 0.37 0.66 1.10
LDA model [19] — 0.74 —
C;0;51;H; This study 0.64 0.79 —
C:0,(S1)2 This study 0.34 0.74 0.96
C:0:(Si;)2H; _ This study 0.77 0.86 -
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