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Abstract

We present hybrid density functional theory (DFT) study of defect complexes formed by
oxygen, boron and carbon, in ion-implanted and electron-irradiated Czrolaski (CZ) silicon
containing boron. The effect of hydrogen passivation on the defect complexes is also stud-
ied.The defects considered are the interstitial boron-interstital oxygen (B;0;) complex as well
as interstitial boron-substitutional carbon (B;C) complex, which are found in ion-implanted
Czochralski silicon. Other defect complexes which are found in electron-irradiated CZ sil-
icon and have been studied are the interstitial boron (B;), substitutional boron-interstitial
oxygen (B;0;), substitutional boron-interstitial boron (B¢B;), interstitial boron-interstitial
oxygen dimer(B;0s;), and substitutional boron-interstitial oxygen dimer (B;Oy; ).We found
the defects to be stable in neutral charge state with the stability of the B;, B;O;, BsB;, B;Os;
and B,0,; increasing after hydrogen passivation. However, the stability of B,O; and B;C,
defect complexes decreases after the hydrogen passivation. For the B,B; defect complex in
particular, a deep donor level appeared after hydrogen passivation. Furthermore, we found
a shift in the charge state transition levels in to the valence band for the donor levels, and
a shift in to the conduction band for the acceptor levels for all the defects after hydrogen
passivation. We compare our results with available theoretical and experimental studies.
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1. Introduction

There are plethora of studies of defects in silicon, nevertheless, there are still many unan-
swered questions regarding the behaviour of these defects [1]. Amongst the well known
defects, oxygen, carbon and hydrogen are the common impurities observed during ion-
implantation or electron-irradiation of Czochralski-grown silicon. As a result, deeper un-
derstanding of the properties of binary or ternary defect complexes formed these impurities
is important for technological applications [2]. Ton-implantation is a well-known silicon fabri-
cation techniques which enable the formation of electrically inactive boron clusters [3] and a
stable self-interstitial cluster [3]. Heat treatments during the evolution of such clusters result
in the occurrence of the phenomenon called the transient enhanced diffusion (TED) [3, 4, 5].
Substitutional carbon is usually introduced to suppress the diffusion of boron [6, 7, 8]. The
diffusion of boron might then occur either through interstitial [9] or kick out mechanism [10],
and this require the contribution of self-interstitials. At around 240K in electron-irradiated
p-type silicon, a (4+1/0) donor level was observed at Ec — 0.23 eV (E¢ is the energy of the
conduction band minimum), and was associated to B;O; defect complex [11]. However, upon
annealing between 443 K, a new defect level appears at Ey + 0.29 eV (Ey is the energy of
the valence band maximum), that is stable up to 673 K, and the E¢c — 0.23 eV disappears.
It was suggested that B;0O; dissociates at around 443 K such that B; is trapped by Cg which
results in the formation of B;C; [12]. Also when the p-type CZ silicon is annealed at low
temperatures, B;O; complex is formed but unstable. However, upon annealing at 443 K,
BB, defect complex is formed which is rather an electrically inactive defect but which is
able to trap an interstitial hydrogen(H;) to form BsB;H; defect complex. The latter has a
donor level (+1/0) at Ey + 0.59 eV. It should be emphasized that the presence of these
defects causes a reduction of 2-3% in the efficiency of silicon solar cell [13]. The concentra-

tion of the defect complex is usually proportional to the concentration of boron and also
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proportional to the square of the concentration of the oxygen [14, 15, 16]. Substitutional
boron and oxygen dimer complex (i.e. B;Oy;) was initially assumed to be the structure of the
B—0O defect complex, and that the oxygen dimer tends to diffuse towards the substitutional
boron [14, 17, 18]. However, Voronkov and Falster proposed a structure of the B—O complex
of the form B;Os; [19], but the complex is reported to have low formation probability. Also,
interstitial oxygen dimer (O;) was found not to be mobile at room temperature but can
bound with a B; atom to form the B;Os; defect complex [13].

The preponderance of hydrogen interstitial (H;) has been observed in many silicon fabri-
cation processes. The hydrogen diffuses very fast and binds to native point defects thereby
reducing or eliminating their electrical activity. In some cases, the H; induces electrical
activity when bonded to other defect complexes [20]. Due to the ubiquitous nature of hy-
drogen interstitial in both the electron-irradiated and the ion-implanted Czochralski silicon,
we find it pertinent to study the defect complexes that may be formed in these fabrication
processes. Thus, we first consider defect complexes of B;0;, B;C,, B,O;, B,B;, B;, B;O9; and
the B;Oy; and thereafter studied the defect complexes formed after the hydrogen passivation
of the respective defects. We have denoted interstitial hydrogen passivated defect complexes
as: B;O;H;, B;C,H;, B,O;H;, B,B;H;, B;H;, B;Oy;H;, and the B;O9;H; defect complexes.
Previous DFT studies of B;0;, B;C,, B;B;H;, B;Os; and the B,O; defect complexes employ
the generalised gradient approximation exchange-correlation functional (GGA) [21]. Here
we have used the Heyd-Scuseria-Ernzerhof (HSE) functional [22, 23] to study the defects,
since both the GGA and the LDA have been shown to underestimate the band gap of semi-
conductors while the HSE functional is known to give a more accurate value of band gap

24, 25).

2. Computational Details

The density functional theory (DFT) calculations have been performed using the QUANTUM-
ESPRESSO code [26]. The Heyd-Scuseria-Ernzerhof (HSE) functional [22, 23|, with the
norm-conserving pseudopotential [27, 28] were used to calculate the formation energy of

the defects. Also, we have used the 216-atom silicon supercell, 45 Ry energy cut-off, and a
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2 x 2 x 2 Monkhorst-Pack [29] k-point mesh for the calculations. The pseudo-potentials used
were taken from a pseudopotential library, i.e., pseuo-dojjo(http : //www.pseudo-dojo.org).
The approach used in calculating the energy of formation of a defect (E/(d,q)) follows
refs. [30, 31, 32, 33] where:

E'(d,q) = E(d,q) — E(pure) + Y (An)ip; + q[Ey + ep) + Ef,,. (1)

Here, the energy of the supercell with the defect is represented by E(d, ¢), the energy of the
supercell before the defect is introduced is represented by E(pure) and (An); represents the
difference in the type [ atoms between the defective supercells and pristine and the supercell.
The energy of the valence band maximum (VBM) is represented by Ey and p; is the chemical
potential of the added or removed [ atom. The dielectric constant of silicon is obtained from
ref [34], and this was used to calculate the electrostatic corrections presented by EZ, . The
Corrections For Formation Energy and EigenValues for charged defect simulations Package
(CoFFEE) [35] was used in calculating the EZ, . Afterwards the minimum energy needed
in separating a defect pair in to a separate non-interacting defect which is known as the

binding energy, is evaluated according to the approach of ref [36, 33].

_ / !
Eb - Z Eisolated - Ejdefect—compleac7 (2)
i

where the summation of the energy of formation of the separate non-interacting defects is

the . E! olateq @0 the energy of the defect complexes is E!

o e fect—complez If we assume two

different charge states given as ¢ and ¢/, respectively, the Fermi energy for which the energy
of formation of the two charge states is the same, i.e., €(¢/q¢’), is called the charge state

transition energy level, and is given by [31, 33]:

El(d,qer =0) — B/ (d,¢;er = 0)
q¢—q.

e(q/d) =

(3)

After the convergence test, the choice of cutt-off energy, the supercell size, and the k-

point mesh was made. The test was carried out using the GGA functional with 50 Ry energy
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cut-off to calculate the formation energy of the B;O,; defect complex at zero charge state.
64, 216, and 512-atom supercells were used with a k-point mesh of 3 x 3 x 3, 2 x 2 x 2
and 1 x 1 x 1 respectively. The decrease in the energy of formation of the defect between
the 512 and 216-atom supercell was less than 0.02 eV. We then proceed by using the 216-
atom supercell,since the 512-atom supercell provided an accuracy that does not worth the
additional computational expense. Using the 216-atom supercell and 2 X 2 X 2 k-point mesh,
the cut-off energy was varied from 10 Ry to 90 Ry with a step increase of 5 Ry. We find
that the minimum energy of the relaxed structure only changes by less than 0.1 meV when
cut-off energy increases beyond 45 Ry. Thus, by fixing the cut-off energy at this value and
performing structural relaxation with k-point mesh of 2 x 2 x 2 and 3 x 3 x 3, we obtained the
minimum energy difference of less than 0.002 eV for the two meshes. The silicon band gap
was the calculated to be 1.18 eV using the HSE functional. The result was found to be close
to the experimental value of 1.23 eV [37] and previous previous ab-initio studies [38, 39].
The defects were then constructed on the relaxed 216-atom pristine silicon cell. Using the
45 Ry energy cut-off and the 2 x 2 x 2 grid of k-point mesh, the structure was refined until
the total change in energy was less than 1x1075 eV and forces were relaxed to below 0.001

eV/A for all the calculations.

3. Structural relaxation and the binding energy

3.1. Structural Relazation

The relaxed structures for the B,O;, B;0;, B;Cs, B,B; B,O,H;, B,O;H;, B,C;H;, and
B,B;H; defect complexes are shown in Fig. 1. It should be noted that there are competing
structures which are relatively unstable when hydrogen interstitial is introduced into the
system. Therefore, the structures presented in the figure are the relatively more stable ones
with H interstitial, at zero charge state. For each of the aforementioned defect, the bond-
length between the impurity elements (i.e., B, O, and C) and the nearest-neighbour (NN)
silicon atom before and after hydrogen passivation is presented in Table 1 and Table 2,

respectively. When the defects are in neutral charge state (i.e., zero charge state), hydrogen



passivation has no significant effect on the bond-length between the impurity atoms and the
NN silicon. However, for the +£1 charge states of the defect, there is a significant relaxation
such that there is a reduction in the bond lengths between the impurity atoms and the NN
silicon atoms.This is generally the trend except in the cases of B;C,H; in 4+1 charge state
where the C' — S7 bond length increases, as well as in B;B;H; in —1 charge state where the

the B — Si bond length also increases.

3.2. Binding energy

The binding energy of the defects has been obtained using eqn. 3. and is presented
in Table 3. The table also presents the reactions leading to the formation of the defect
complexes. From the table, it can be seen that all the binding energies are positive, sug-
gesting that the defect complexes are relatively more stable compared to their constituents.
Our calculated binding energies are in qualitative agreement with experimental data since
both indicate that the defect complexes are stable, as shown by the positive value of the
binding energies. However, quantitatively, there is disagreement in the values of the binding
energy. For example, for the non-passivated defects, the difference in the binding energy
ranges from 0.05 eV to 0.3 eV. However, we note the following- the reported experimental
value of binding energy is actually the binding free energy which includes the configurational
entropy [21, 40]. The latter is not included in our calculation, and thus the quantitative
difference between our calculated value of the experiment. Furthermore, for the passivated
defect complexes, there are no experimental binding energy as yet, except for B;C,H; and
B:B;H; as shown in the table. For these two H passivated complexes, the binding energy
are in quantitative disagreement with the experimental data presumably due to the afore-
mentioned reason. Furthermore, when our calculated DFT values of the binding energy is
compared with previous DF'T results, in particular for the B;O5; and B;Os; complexes, we
note a difference of not more than 0.2 eV. This difference could be as a result of difference
in supercell size, k-grid mesh and the energy cut-off used in the calculations. For example
in Ref [40], supercell size of 64-atom was used in their calculations. In Ref [13] however,

similar supercell size and k-point grid were used as ours, but their energy cut-off of 35 Ry
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is smaller than the 45 Ry we have used in our calculations. Nevertheless, our results are
in qualitative agreement in that the reported values of the binding energy suggest that the
defect may be stable. Finally, for the B;O4; complex, our calculated value of binding energy
of 0.76 eV and previous reported value of between 0.6 eV-1 eV suggest that the defect may
indeed be stable as suggested by Voronkov et al. and Estreicher et al. [19, 40]. However, we
would like to emphasize that this is not the only and sufficient reason to make conclusion

about the stability of this particular defect.

3.3. Thermodynamic charge state transition levels

The thermodynamic charge state transition level is presented in Table 4. Also in Fig 2
and Fig 3, the plots of the formation energy of the defects as a function of the Fermi energy
before and after hydrogen passivation are presented. For most of the defect complexes
formed before hydrogen passivation, there is a good agreement between our predicted defect
levels and the available experimental data, the difference being between 0.01-0.14 eV. After
hydrogen passivation, our calculations predict a donor level that is in good agreement with
the experimental data as well as previous theoretical results, for the B;B; defect complex in
particular. For the rest of the defect complexes, after hydrogen passivation, our calculations
show H has effect on the defect levels. Even though there is no experimental evidence for the
hydrogen passivated defect complexes, our calculations show that hydrogen may passivate
such defect complexes as studied in this work, since all the acceptor levels move towards the
conduction band, and the donor levels move only slightly to the valence band. Finally, we
would like to emphasize that although theory may predict double donor or double acceptor
levels (i.e.,+2/41 or —1/—2), these may not be identifiable via the DLTS experiment. It
usually requires extra measurement such as field-dependent measurement, and even then,
there is no certainty of seeing them. The reason being that shallow defect levels are usually
absorbed by the valence or conduction band, and thus not seen by such a technique as the

DLTS.



4. Summary

Density functional theory (DFT) calculations of defect complexes, including hydrogen-
passivated defect complexes was carried out using the Heyd-Scuseria-Ernzehof functional
(HSE) functional. We have shown that By, B;, C,, O; and Oy; can combine to form a stable
B;0;, B;Cs, B,O;, BsB;, B;0s; and B;0,; defect complexes. After hydrogen passivation,
stable B;O;H;, B;C,H;, B,O;H;, B,B;H;, B;05;H; and B,O5;H; defect complexes can also be
formed. Except for the B,B; defect complex, a shift of the donor levels towards the valence
band for all the defect complexes was observed after hydrogen passivation. Similarly a shift
in to the conduction band for all the acceptor levels were observed after hydrogen passivation.
For the B¢B; electrically inactive defect in particular, a (+1/0) donor level at Ey + 0.50
eV was observed, meaning that the defect electrically active. We conclude that hydrogen

passivation has positive effect on the the electrical properties of these defect complexes.
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Table 1: The relaxed bond length between the impurity atoms (B, O, C, H) and the nearest neighbour (NN)
Si atoms for the defects having —1,0, and 1 charge states. All distances are in A.

Defect Bonds Bond length

~1 0 +1
B;O; B-Si 2.265 2.156 2.804
O-Si 1.805 1.792 2.605
B,C, B-Si 2.202 2.093 2.741
C—Si  2.060 2.232 2.220
B,O; B-Si 2.047 2.036 2.284
O—Si 1.840 1.827 2.640
BB, B-Si 2.038 2.027 2.275
B—Si 2.180 2.071 2.719
B; B-Si 2.265 2.156 2.804
B—Si  2.180 2.071 2.719
B;0s O-Si 1.731 1.718 2.431
O-Si 1.724 1.711 2.524
B-Si 2.047 2.036 2.293
B,Oy O-Si 1.840 1.827 2.447
O-Si  1.962 1.832 2.542
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Table 2: The relaxed bond length between the impurity atoms (B, O, C, H) and the nearest neighbour (NN)
Si atoms in hydrogen passivated defects having —1,0, and 1 charge states. All distances are in A.

Defect Bonds Bond length
-1 0 +1
B,O;H; B-Si 1.964 2.156 2.145
O-Si  1.780 1.792 1.833
H-Si 2.295 2177 2.714
B,C:H; B-Si 1.901 2.093 2.025
C—-Si 2.350 2.232 2.769
H-Si 2.339 2.179 2.614
B-Si 1.884 2.036 2.024
B;O;H, O-Si 12814 1.827 1.868
H-Si 2.336 2.175 2.027
B-Si  2.189 2.027 2.041
B:B;H; B-Si 1.705 2.071 1.759
H-Si 2.337 2.178 2.029
B;H; B-Si  1.964 2.156 2.145
H-Si 2.332 2177 2.028
B-Si 1.879 2.071 2.060
B;OyH;, O-Si 1.705 1.718 1.759
O—Si  1.698 1.711 1.752
H-Si 2.375 2.215 2.066
B-Si 1.874 2.036 2.050
B;OyH;, O-Si 1.814 1.827 1.868
O-Si  1.819 1.832 1.873
H-Si 2.363 2.203 2.054

12



Table 3: Binding energy E; in eV for the defect complexes. The E; is compared with the available experi-

mental and previous theoretical data.

Defect  Study Reaction Ey
B,0O; This study B; + O; 0.36
Experiment [21] B; + O; 0.60
B;O;H;  This study B;O; + H; 0.19
B,C, This study B; + C, 0.90
Experiment [21] B; + Cs 1.20
B;C,H;  This study B,C; + H;, 1.80
Experiment [21] B,Cs + H; 2.86
B,O; This study B, + O; 0.26
B,O;H;  This study B:O; + H; 0.05
B;B; This study B, + B; 0.19
Experiment [21] Bs + B; Unspecified
B,B;H;  This study B:B; + H; 0.92
Experiment [21] BB, + H;, 1.60
B; This study — —
B,H; This study B; + H; 0.47
B,;09; This study B; + Oy 0.76
Previous DFT [13, 40] B; + Oy 0.96, 0.55, 0.61
B;O9;H; This study B;O0 + H; 0.89
B.O9; This study B, + Oy 0.43
Experiment [41] Bs + Oy 0.38
Previous DFT [40] B, + Oy 0.54
B,O9;H; This study B.Oy; + H; 0.59




Table 4: Charge state transition level for the defect complexes in eV.

Defect ~ Methods (+2/41)  (+1/0) (0/-1)
B,0O; Experiment [12] — Ec —0.27 —

Experiment [42] — Ec 023 —

Marker Method [21] — Ec —022 -

This study — Ec —0.26 —
B;O;H;  This study Eyv +0.14 Ey + 041 —
B,Cq Experiment [21, 42] — Ey +0.29 —

Maker Method [21] — Ey +0.24 -

This study Eyv +0.20 Ey + 0.28 E¢& — 0.08
B;CsH;  This study Eyv +0.11 Ey +0.16 Ec — 0.03
B0, Experiment [43] - E.—049 -

This study Ey + 041 Ec — 054 Egz — 049
BsO;H; This study Ev +0.23 Ey 4033 —
B;B; Experiment [21] - - -

This study — — —
B:B;H; Experiment [44] — Ey 4+ 0.51 —

Marker method [21] — Ey 4+ 0.56 —

This study — Ey + 050 —
B, Experiment [11] - Ec —0.15 E¢ —0.45

This study — Ec —0.26 E¢ —0.33
B,;H; This study — Ev + 037 Eg —0.07
B,;0,; Experiment [13] — Ec —041 —

Maker Method [40] — Ec —048 —

This study — Ec — 043 —
B;O9;H; This study — Eyv 4+ 051 —
B;Oy; Experiment [40] — Ec — 041 —

Marker method [40] — Ec —0.50 —

This study Eyv + 047 Ec — 039 E¢& — 0.30
B,OyH; This study B £ 030 By +046 —




(2)

Figure 1: The relaxed geometric structure of the (a) B;O,;H; (b) B;O;H; (c) B,CsH;, (d) B;B;H; (e) B;H; (f)

B;09;H; and (g) BsO2;H; defect complexes. The blue balls represent silicon atoms, the black balls represent
carbon, the red balls represent atoms oxygen, the yellow balls represent hydrogen atoms and the green ball

represent boron atoms respectively.
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Figure 2: The formation energy as a function of the Fermi energy for the (a) B;0; (b) B;O;H;, (c) BsO;
(d) B;O;H; (e) B;C; (f) B;CH; (g) BsB; (h) BsB;H; and (i) the thermodynamic stable region for all the

defect complexes.
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Figure 3: The for the formation energy as a function of the Fermi energy for the (a) B; (b) B;H;, (c¢) B;Og;
(d) B;Og;H; (e) BsOy; (f) BsOo;H; and (g) The thermodynamic stable regions for the defect complexes.
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