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The holes induced by ionizing radiation or carrier injection can depassivate saturated interface defects. The depassi-
vation of these defects suggests that the deep levels associated with the defects are reactivated, affecting the performance
of devices. This work simulates the depassivation reactions between holes and passivated amorphous-SiO,/Si interface
defects (HPy, +h — P, +H™). The climbing image nudged elastic band method is used to calculate the reaction curves and
the barriers. In addition, the atomic charges of the initial and final structures are analyzed by the Bader charge method. It
is shown that more than one hole is trapped by the defects, which is implied by the reduction in the total number of valence
electrons on the active atoms. The results indicate that the depassivation of the defects by the holes actually occurs in three
steps. In the first step, a hole is captured by the passivated defect, resulting in the stretching of the Si—H bond. In the second
step, the defect captures one more hole, which may contribute to the breaking of the Si—-H bond. The H atom is released
as a proton and the Si atom is three-coordinated and positively charged. In the third step, an electron is captured by the Si

atom, and the Si atom becomes neutral. In this step, a P,-type defect is reactivated.

Keywords: a-Si0,/Si interface, hole, depassivation, first-principles calculation

PACS: 71.15.Mb, 71.20.-b, 61.72.Bb, 61.80.Az

1. Introduction

The amorphous a-SiO,/Si interface plays an important
role in semiconductor devices and directly affects device per-
formance. The Si dangling bonds at the interface are usually
referred to as Py, defects (also known as interface traps), which
is the intrinsic defect type in an a-SiO,/Si interface.!!3! In
the fabrication of semiconductor devices, H atoms are com-
monly used to passivate electrically active Py, defects to im-
prove the quality of the SiO,/Si interface.!*! The saturated Si
atom dangling bond at the interface can not only depassivate
with hydrogen!®-®! but can also interact with the carrier, [°~1°!
breaking the Si—H bond and activating the interface defects.
The Si—H bond-breaking mechanism at the interface is an im-
portant step in the process of Si dangling bond formation.
The experimental (theoretical) values for the forward and re-
verse reaction barriers are 2.83 (2.57) eV and 1.51 (1.31) eV,
respectively.[!7-18]

In Ref. [9] Guerin et al. focused on the different bond
states under carrier-induced excitation and proposed a theo-
retical mechanism considering various pathways to excite a
Si—H bond by carriers. It was pointed out that the Si—-H bond
breaking process can be attributed to the multiple vibrational
excitation mechanism, in which many carrier—bond interaction
events are required to provide sufficient energy for bond dis-
sociation.

fCorresponding author. E-mail: xzuo@nankai.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd
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In a recent study, the mechanism of hot-carrier degrada-
tion was simulated by Jech et al. using ab initio density func-
tional theory (DFT) calculations. The carriers interact with the
Si—H bond at the interface, which is known as the resonance
mechanism. In that study the physical process of electron/Si—
H bond interaction was discussed in detail.[']

Under ionizing radiation, electron—hole pairs are cre-

19,20

ated in the oxide semiconductor.! ! Those carriers lead to

charge buildup, which can degrade the performance of the

[21-27] Winokur stated that holes can induce interface

device.
states. At the first stage of the appearance of interface states,
about 5 eV of energy is released by capture of the radiation-
generated holes near the SiO,/Si interface, resulting in the
relatively weak Si—H or Si—~OH bonds breaking at the inter-
face. In the second stage, the interface state is generated when
enough energy is released to break the Si—H bonds. Disso-
ciation of the metastable configuration and the diffusion of
weakly bound ions from the ‘broken bond’ site leads to in-
terface states.['!)

In 1995, DiMaria proposed that the holes in the oxide
might degenerate the SiO,/Si interface, thus producing inter-
face states. It was reported that the formation of interface
states is caused by holes in a two-step process.!!!>7-2%] First,
holes keep approaching the interface and are captured by the
interface, but no interface states appear at this moment. In
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the second step, electrons are recombined with trapped holes,
creating interface traps. However, in subsequent experiments,
hole injection without electrons could still produce interface
traps.m]

Moreover, ionizing radiation can lead to the generation
of holes in SiO, as has been confirmed in many studies.
The holes induced by ionizing radiation react with the satu-
rated Si0,/Si interface defects, leading to interface traps.30-311
However, there is no consensus on the essential reaction mech-
anism of the depassivation of the interface defects by holes. In
this work we investigate the depassivation of the SiO,/Si in-
terface defects by holes (HP, +h — Pb+ + H). The reaction
curves, the barriers associated with the transition state and the
distances between active atoms (Si, O, and H) in the reaction
are obtained via the climbing image nudged elastic band (CI-
NEB) method to simulation the depassivation reaction. In ad-
dition, the valence electron numbers on active atoms are ana-
lyzed using the Bader charge method.

2. Methods

The a-SiO,/Si(111) interface is an ideal model for scien-
tific research, while the a-Si0,/Si(100) interface is commonly
used in actual devices. In this work, the interface defect mod-
els are derived from Refs. [32,33]. The supercell dimensions
of the defect-free a-Si0,/Si(100) (a-SiO,/Si(111)) interface,
which contains 329 (353) atoms, are 15.47 A x 15.47 A x
47.86 A (13.30 A x 15.36 A x 49.39 A) (Fig. 1). To make this
work more persuasive and generalized, four P,-type defects
are studied: Py, defects in the a-Si0,/Si(111) interface!*?! and
Py -bridges, Pypj-asymmetrically oxidized dimers (Py;-AOD)
and Py, defects in the a-SiO,/Si(100) interface.3

Due to the large number of atoms in the model, first-
principles calculations based on DFT implemented in Vienna
ab initio simulation package (VASP) are applied to relax the
structures of the interface.[**=71 In order to save computing
resources, the relaxation process is carried out in two steps,
in which the cut-off energy is set to 350 eV and 520 eV, re-
spectively. In addition, an accuracy of 107> eV and 0.05 eV/A
is adopted for the electronic loop and ionic loop, respectively.
The generalized gradient approximation is used to optimize
the structure until the residual stress on each atom is less than
0.05 eV/A. Due to the relatively large unit cell size, sampling
and integration are only performed at the I" point of the Bril-
louin zone.

The CI-NEB method is implemented to search the saddle
point and the minimum energy path of a reaction.3®! Accord-
ing to the reaction equation (HP, +h — Py +H™), the initial
model of the NEB simulation is built after structural optimiza-
tion with the addition of a hole by removing an electron from
the neutral system. The final model is obtained by construct-

ing a proton bonded to an O atom and optimizing the atomic
structure by removing an electron.

In order to calculate the number of active valence elec-
trons on the atoms and figure out the charge transfers in the
reactions, Bader charge analysis***!l is employed. Although
the Bader charge method is more accurate than other analyti-
cal methods, the number of valence electrons obtained by the
Bader charge method may not be an integer. Therefore, when
analyzing the change in the number of valence electrons in the
transition state, the structure of the transition state, electron
transfer and system energy should be taken into consideration.

Fig. 1. The defect-free a-SiO,/Si interface model: (a) a-SiO,/Si(100) inter-
face model; (b) a-SiO,/Si(111) interface.

3. Results and discussion

3.1. Py defect of the Si0,/Si(100) interface
3.1.1. Py;-bridge defect

The construction of the initial and final structures sim-
ulated by CI-NEB is described in Section 2.
state of the reaction (Fig. 2(a)), the length of the Si—-H bond
is1.46 A (ideally, the Si—H bond is ~ 1.5 Z\), and the distance
between the H atom and the O atom is 3.81 A. Moreover, the

In the initial

total number of valence electrons on the Si, O, and H atoms is
12.93 (Table 1). From the 00 state to the 01 state (Fig. 3(a)), as
the reaction moves forward, the length of the Si—H bond keeps
increasing and the H atom gradually approaches the O atom.

(a) (b)

Fig. 2. Initial and final states of the hole-induced depassivation reaction of
a Py -bridge defect in the SiO,/Si(100) interface: (a) initial state; (b) final
state.

In the 02 state (Fig. 3(b)), the number of valence electrons
on the Si and H atoms becomes 1.78 and 2.00, respectively,
while that on the O atom remains unchanged. Compared with
the previous state, about 1.17 holes are captured by the satu-
rated defect center (the Si—H bond). This is the first step in the
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reaction, where the Py -bridge defect traps a hole with a bar-
rier of 0.50 eV. At this time, the Si—H bond is stretched but not
yet broken, resulting in an unstable system. In the subsequent
step, the system reaches the transition state as a result of the
Py defect capturing one more hole.

Table 1. Number of valence electrons on the active atoms, the length of the
Si—H and H-O bonds and system energy in hole-induced depassivation of

Py -bridge defects. 00, 03, 05 mark the initial, transition and final states,
respectively.

State 00 01 02 03 04 05

Si85 292 295 1.78 292 379 3.76
Number of 078 8.02 8.02 801 783 814 8.17
valence electrons H34 199 199 2.00 0.19 0.00 0.00

sum 1293 1296 11.79 1094 1193 11.93
i-H 1.4 1.4 1. 202 2. 24
Bond length (A) Si 6 7 50 0 83 3
H-O 381 320 233 123 099 0.99
Energy (eV) 0.00 0.03 050 244 200 197
(a) (b)
H34 i 2 H34 g
(c) (d)

Fig. 3. Intermediate states of the hole-induced depassivation reaction of a
Py -bridge defect in the Si0,/Si(100) interface: (a) 01 state; (b) 02 state; (c)
03 state; (d) 04 state.

When the reaction proceeds to the transition state 03
(Fig. 3(c)), the Si—H bond breaks and the H atom gradually
moves away from the Py, defect. When the distance between
the H atom and the O atom is 1.23 A, a H-O bond begins to
form but is not yet complete. Compared with the previous state
(02 state), the Si dangling bond captures an extra 0.8 holes
from nearby atoms. In addition, charge transfer occurs inside
the defect center, so that the number of valence electrons on
the Si atom slightly increases to 2.92, and that on the H atom
decreases to 0.19. This indicates that the transition state (03
state) can be regarded as the second step in the depassivation
of the Py -bridge defect by holes. In Fig. 4, the energy of the
system at this state rises to 2.44 eV (Fig. 4), reaching a maxi-
mum.

As the reaction proceeds, in the third step of the hole-
induced depassivation reaction the Py;-bridge defect center

captures about 0.9 electrons in the 04 state (Fig. 3(d)), result-
ing in a Si dangling bond with 3.79 valence electrons. In the
final stage of the reaction (Fig. 2(b)), the length of the H-O
bond is 0.99 A, which is coincident with the ideal value of the
proton—O bond length, and thus the Py, -bridge defect is depas-
sivated. At this point, the total number of valence electrons on
the Si, H and O atoms is 11.93, which is about 1 electron less
than in the initial state, equivalent to consuming a hole in the
whole reaction. The energy of the final state is 1.97 eV, which
is lower than the saddle point by 0.47 eV.

" P, ,-bridge

g -

2 8fe . . ° ® 25

8 7

[} 6 r 12.0
Sl =
g 5 q11.5 2
< i L
cA 1.0 B
o 3 g
E o[ 10.5 5
o) or 4 A

_: 1 1 1 1 1 1 _05

= 0 1 2 3 4

Reaction coordinate

Fig. 4. Reaction curve of hole-induced depassivation of a Py,;-bridge defect
in the Si0,/Si(100) interface (green curve). The black square, red circle and
blue square mark the number of valence electrons in the active Si, O, and H
atoms, respectively.

3.1.2. Py;-AOD defect

The CI-NEB calculation is employed to search for the
minimum energy path of the hole-induced depassivation re-
action (Fig. 5). In the initial state (Fig. 5(a)), Table 2 shows
that the length of the Si—H bond is 1.48 A, and the distance
between the H and O atoms is 2.99 A. The total number of
valence electrons on the Si, O, and H atoms is 12.71. In the
01 state (Fig. 6(a)), the length of the Si—H bond is increased
by 4.72%, while the distance between the H and O atoms is
reduced by 24.08% compared with that in the 00 state.

(a) (b)

H36

Fig. 5. Initial and final states of the hole-induced depassivation reaction of a
Pp1-AOD defect in the Si0,/Si(100) interface: (a) initial state; (b) final state.

When the reaction proceeds to the transition state 02
(Fig. 6(b)), the Py;-AOD defect captures about 2.2 holes with
an energy of 2.19 eV. In this state, the Si—-H bond is broken,
leaving a Si dangling bond with two positive charges. The
number of valence electrons on the Si atom and the H atom
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is 2.02 and 0, respectively, while that on the O atom remains
constant.

As the reaction moves on, in the 03 state (Fig. 6(c)), the
Si dangling bond captures about 1.6 electrons. This is the
last step in the hole-induced depassivation reaction, where a
Si dangling bond with a valence electron number of 3.87 ap-
pears. In this state, the Si—H distance stretches to 3.25 A, and
the length of the H-O bond is reduced to 0.99 A. Moreover,
the reduction in energy is small, only about 0.18 eV less than
that in the 02 state.

Table 2. Number of valence electrons on the active atoms, the length of the
Si—H and H-O bonds and system energy in hole-induced depassivation of
a Pp;-AOD defect. 00, 02, 04 mark the initial, transition and final states,
respectively.

State 00 01 02 03 04

Sil50  2.68 2.52 2.03 3.87 3.85

Number of o110  8.02 8.02 8.31 8.12 8.12
valence electrons  H36 2.02 2.02 0.00 0.00 0.00
sum 1272 12,56 1034 1199 11.97

Si-H 148 1.55 2.35 3.25 4.09
H-O 299 227 1.10  0.99 0.98
Energy (eV) 0.00 0.38 2.19 2.02 1.96

Bond length (A)

(a) (b) (c)

0"

s

Fig. 6. Intermediate states of the hole-induced depassivation reaction of a
Pp1-AOD defect in the SiO,/Si(100) interface: (a) 01 state; (b) 02 state; (c)
03 state.

In the final state 04 (Fig. 5(b)), the proton bonds with an O
atom, leaving a neutral P,,;-AOD defect, which means that Py,
is reactivated. In this state, the total number of valence elec-
trons on the Si, H and O atoms is 11.97, which is about 0.75
electrons fewer than that in the initial state. In other words,
0.75 holes are consumed in the whole reaction. The total en-
ergy of the system is 1.96 eV, and the energy decreases by
10.95% compared with the saddle point (Fig. 7).

P,,-AOD
12}
=} ° ° .'2~5
g S e °
2 = 12.0
< T oasi
g Sf 9 1.5 <
= [ aH 11 >
% 5 — Energy L
: 4+ [} = 110 %
5 B
s-‘ 3r =
2 - 10.5 &
2L a n
g
= 1r 10
&
£ o, . n n ol
0 1 2 3

Reaction coordinate

Fig. 7. Reaction curve of hole-induced depassivation of a P,;-AOD defect
in the Si0,/Si(100) interface (green curve). The black square, red circle and
blue square mark the number of valence electrons in the active Si, O and H
atoms, respectively.

3.2. Py defect of the Si0,/Si(100) interface

The hole-induced depassivation reaction is simulated by
the CI-NEB calculations, in which the initial and final states
are introduced by structural optimizations (Fig. 8). In the ini-
tial state (Fig. 8(a)), the length of the Si—H bond is 1.50 A,
and the distance between the H and O atoms is 3.82 A (Ta-
ble 3). The total number of valence electrons on the Si, H, and
O atoms is 13.11. In the 01 state (Fig. 9(a)), a hole is captured
by the PyoH defect, resulting in a reduction in the number of
valence electrons on the Si atom to 1.98. So the 01 state can
be regarded as the first step in hole-induced depassivation, and
the reaction energy is about 0.15 eV.

Table 3. Number of valence electrons on the active atoms, the length of the

Si—H and H-O bonds and system energy in hole-induced depassivation of a
Py, defect. 00, 03, 05 mark the initial, transition and final states, respectively.

State 00 01 02 03 04 05

Si64 295 198 197 298 4.00 4.00
Number of 045 8.12 8.13 8.12 794 824 823
valence electrons H38 2.04 2.03 080 0.24 0.00 0.00

sum 13.11 12.14 10.89 11.16 1224 12.23
i-H 1. 1.51 1. 2.12 .07 .
Bond length (A) Si 50 5 59 3.0 3.66
H-O 382 313 230 132 099 098
Energy (eV) 0.00 0.15 091 242 176 1.78
(a) (b)

Fig. 8. Initial and final states of the hole-induced depassivation reaction of a
Pyo defect in the SiO,/Si(100) interface: (a) initial state; (b) final state.

(a) (b)

(c) (d)

Fig. 9. Intermediate states of the hole-induced depassivation reaction of a Py
defect in the Si0,/Si(100) interface: (a) 01 state; (b) 02 state; (c) 03 state; (d)
04 state.

As the reaction proceeds, in the 02 state (Fig. 9(b)) the de-
fect center captures about 1.2 holes from nearby atoms again,
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so the 02 state can be regarded as the second step in hole-
induced depassivation. The number of valence electrons on
the H atom is reduced to 0.8, indicating that the Si—H bond is
weakened and about to break. The energy of the system in the
02 state is 0.91 eV (Fig. 10), a moderate increase compared
with the previous state.

» P
=1 [ e ° ° b0 ° °

g 8 ° 42.5

2 7

[}

< 12.0

Q 6 —~
Q

5 5 115 %
[

> 4 o]
< 11.0 &
o 3 (]
o =1
2 5 105 H
g

g2 1 1o

(]

ﬁ 0 1 1 1 1 1 1 _05

Reaction coordinate

Fig. 10. Reaction curve of hole-induced depassivation of a Py, defect in the
Si0,/Si(100) interface (green curve). The black square, red circle and blue
square mark the number of valence electrons in the active Si, O, and H atoms,
respectively.

Unlike the previous reactions of the Py -bridge defect and
the Py1-AOD defects, the P,H defect has already captured
about 2 holes before the Si—H bond breaks. Hole trapping can
influence the local structural parameters.3 In addition, the P},
defect is located at the second layer of the Si side, so the Py
defect is relatively more compactly surrounded than the other
defects and the structure around the Py, defect is similar to that
of crystalline silicon!*>*3] 5o that the holes are captured by the
PyH defect in advance to break the Si—H bond and release a
proton. [44]

In the 03 state (Fig. 9(c)), the H atom detaches from the
Si atom with a distance of 2.12 A and the O—H bond is not
yet established. In this state, charge transfer takes place and
the number of valence electrons on the H atom decreases to
0.24 while that on the Si atom increases by about 2.98. Be-
cause the Si—H bond is broken, the system energy is maxi-
mized (2.42 eV) at this state.

In the 04 state (Fig. 9(d)), the proton detaches completely
from the Si atom and bonds with the O atom. Compared with
the previous state, this state traps about 1.08 electrons in the
defect center, leaving a dangling bond of the Si atom with an
unpaired electron, which can be marked as the third step in the
hole-induced depassivation reaction.

In the final state (Fig. 8(b)), the proton detaches com-
pletely from the Si atom to a distance of 3.66 A, and the length
of the H-O bond is 0.98 A. In addition, the total number of va-
lence electrons on the Si, H and O atoms is 12.23, a decrease of
about 0.88 compared with the initial state. This is equivalent
to consuming 0.88 holes in the whole reaction. At the end of
the reaction, the Py, defect is reactivated to a neutral state with

an unpaired electron. The energy of the final state is 1.78 eV,
which is 0.42 eV lower than that of the transition state.

3.3. Py, defect of the SiO,/Si(111) interface

The pathway between initial and final structures (Fig. 11)
In the 00 state
(Fig. 11(a)), the total number of valence electrons on the Si,
O, and H atoms is 12.97. From the 00 state to the 02 state
(Fig. 12(b)), the length of the Si—H bond increases from 1.50 A
to 1.54 A, and the distance between the H and O atoms de-
creases by 25.68%.

is simulated by CI-NEB calculations.

(a)

Fig. 11. Initial and final states of the hole-induced depassivation reaction of
a Py, defect in the SiO,/Si(111) interface: (a) initial state; (b) final state.

(a) (b)

- 32

(c) (d)

=H32
“H32

od o

Fig. 12. Intermediate states of the hole-induced depassivation reaction of a
Py, defect in the SiO,/Si(111) interface: (a) O1 state; (b) 02 state; (c) 03 state;
(d) 04 state.

-

In state 02 (Fig. 12(b)), compared with the previous state,
the PyH defect center captures 0.88 holes and the number of
valence electrons on the Si atom decreases to 2.23. This state
can be considered as the first step in the hole-induced depassi-
vation reaction. Since the Si—H bond has not been broken, the
energy is only 0.46 eV, slightly higher than the initial state.

As the reaction proceeds, the H atom moves toward the O
atom and the energy of the system increases (Fig. 13). In state
03 (Fig. 12(c)), as shown in Table 4, the H-O bond develops
after the Si—H bond has broken. Compared with the previ-
ous state, the defect center captures about 1.57 holes again,
and the number of valence electrons on the H atom reduces
to 0.64. Because the activated defect center captures the hole
again, the transition state (03 state) can be regarded as the sec-
ond step in hole-induced depassivation. Like the hole-induced
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depassivation of the Py -bridge defect and AOD defect, in the
second step the Si—H bond breaks leaving a dangling bond of
the Si atom with two positive charges; moreover, the system
energy is about 1.76 eV, reaching a maximum (Fig. 13).

Table 4. Number of valence electron on the active atoms, the length of the

Si—H and H-O bonds and system energy in hole-induced depassivation of a
Py, defect. 00, 03, 05 mark the initial, transition and final states, respectively.

State 00 01 02 03 04 05

Sil76 294 3.10 223 219 324 3386

Number of 069 803 803 802 7.85 8.16 792
valence electrons H32 2.00 2.00 2.00 0.64 0.00 0.32
sum 12.97 13.13 1225 10.68 11.40 12.10

Si-H 150 150 154 201 3.01 381

Bond length (A)
H-O 322 292 217 124 1.15 1.00

Energy (eV) 000 000 046 176 139 1.13
0 12.0
§ 8
=
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(0]
g O o
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Fig. 13. Reaction curve of hole-induced depassivation of a P, defect in the
Si0,/Si(111) interface (green curve). The black square, red circle and blue
square mark the number of valence electrons in the active Si, O, and H atoms,
respectively.

In the final state (Fig. 11(b)), the number of valence elec-
trons on the Si atom increases to 3.86 due to electron trapping
and the passivated Py, defect is reactivated, so that this step can
be considered as the third step of the hole-induced depassiva-
tion reaction. In this step, H' is connected to the O atom at a
distance of 1.00 A. Furthermore, the system reaches equilib-
rium with an energy of 1.13 eV, which is 0.63 eV lower than
that of the saddle point. At this point, the total number of va-
lence electrons on the Si, O, and H atoms is 12.10, which is
about 0.87 electrons less than in the initial state, which indi-
cates that a hole is consumed in the whole reaction.

According to Ref. [10], holes are not as efficient as elec-
trons at causing interface damage. In fact, for a NMOSFET,
at low gate voltage only hole injection can produce inter-

(43461 Jech et al. just considered the separate ef-

face states.
fect of holes and electrons on the interface; however, in their
work, more than one hole was trapped by the defects during
the reaction, resulting in breakage of the Si—H bond. In the
hole-induced depassivation reaction, an interface trap finally
appears due to the combination of electrons with previously

trapped holes. In addition, experimentally it was found that

carriers with energies between 2 eV and 5 eV can still ex-
cite the vibrational states of the Si—H bond. In this work, the
average barrier of the hole-induced depassivation reaction is
2.20 eV which agrees well with the experimental data of the
dissociation kinetics according to Refs. [5,17], so is sufficient
to break the Si—H bond.

4. Conclusion and perspectives

In this work, to investigate the hole-induced depassivation
reaction (HP, +h — P, + H™) of four interface defects, the Py,
defect in an a-SiO,/Si(111) interface and the Py-bridge, Py;-
AOD and Py defects in an a-Si0,/Si(100) interface have been
introduced. The transition states and barriers are obtained via
the CINEB method to simulate the process of the reaction. The
Bader charge method is used to analyze the evolution of the
number of valence electrons on the active atoms (the Si, H, and
O atoms). Finally, the general mechanism of the hole-induced
depassivation reaction of P,-type defects is found.

During the reaction, the number of valence electrons on O
remained almost constant, and charge transfer occurs between
Si and H atoms. In fact, in the process of the reaction, P,-type
defects may trap more than one hole. It is shown that the total
number of valence electrons on the Si, H, and O atoms in the
initial state is about 13, and in the final state it is about 12.

This research suggests that hole-induced depassivation of
the defects in an a-SiO,/Si interface actually occurs in three
steps. In the first step, a hole is captured by the saturated de-
fect. In this step, the Si—H bond is stretched but not yet broken,
indicating that the system becomes unstable so the reaction
will continue. In the second step, one more hole is trapped by
the PyH defect center. At this point, the Si—H bond breaks,
leaving a three-coordinated Si atom with positive charge. In
addition, for the Py, -bridge, P,;-AOD and Py, defects, the sec-
ond step in depassivation is the transition state of the depassi-
vation reaction, in which the system energy reaches its maxi-
mum.

However, before the Si—H bond is broken and the depas-
sivation reaction reaches the transition state, the Py defects
capture one more hole. The calculated reaction steps of the
Py defect are different from those of the other defects, possi-
bly because the Py defect is located in the second layer from
the top of the unoxidized monolayer of the Si side in which
the Py defect is relatively more compactly surround than the
other defects, so that a second hole is required in advance to
break the Si—H bond.

Finally, in the third step of the hole-induced depassiva-
tion reaction, the Si atom captures an electron and the Si atom
becomes neutral. In this step, a neutral P,-type defect with
a dangling bond is formed, implying that the Py-type defect
is reactivated. In the final stage of the depassivation reaction,
due to the conservation of charge, the total number of valence
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electrons on the Si, O, and H atoms is about 1 electron less
than in the initial state, indicating that a hole is consumed in
the whole reaction. This study will help us to understand the
mechanism of the hole-induced depassivation reaction of the
defects in an a-SiO,/Si interface from a microscopic point of

view.
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