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Abstract: The amorphous silicon dioxide/silicon (a-SiO,/Si) interface is an important part of
semiconductor devices. The passivation and depassivation process of silicon dangling bond defects
(Py-type defects) at the SiO,/Si interface has a significant impact on semiconductor devices. Based on
molecular dynamics and first-principles calculation methods, a-SiO,/Si(111) interface model is
constructed based on a-SiO, and crystalline Si. The CI-NEB (Climbing Image-Nudged Elastic Band)
method is used to study the passivation and depassivation reactions of H, and H atoms of Py, defects at the
a-Si0y/Si(111) interface. The curves, barriers, and transition state structures of the passivation and
depassivation reactions based on the a-Si0,/Si model are discussed.
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Introduction Semiconductor (MOS) technology in semiconductor

devices, the Si/SiO, interface, which plays an

With the wide application of Metal-Oxide- important role in MOS technology, has also been

Received date:2020-03-20 Revised date: 2020-08-02; widely studied. Previous studies have pointed out that
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radiation causes hydrogen-containing defects to

release protons (H'), and the H™ “hops” through the
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a-Si0, to reach the interface in the defects!”. When
the protons migrate to the interface, those defects
which have been depassivatd will be reactivated,
resulting in degradation of device performance’.

Therefore, we need to study the process of
passivation and depassivation to better understand the
influence of protons or hydrogen atoms generated by
ionizing radiation on interface defects.

Generally, silicon with threefold- coordinated
at the a-Si0,/Si interface is called the Py, defect™,

Previous studies have shown that the configuration

of Py-type defects is Si=Si [5'7], that is, there is a Si

dangling bond on the side near the Si in the interface.

There are three types of defects in the interface,
terming P,, Py, and Py, respectively, where P,
a-Si0,/Si(111)
interface[g'm], while Py and Py,; defects are located

at the a-Si0,/Si(100) interface’®'"!. In addition, the

defects are located at the

Py, defect and Py defect are along the [111] direction
of the interface, while Py is along the [112]
direction of the interface (the interface normal
direction is along [100]).

Edwards used some finite cluster models to
study EPR parameters, structural stability, and defect
energy levels of Si/SiO; interface. However, because

these cluster models are lack of universality, they

cannot reflect the specific properties of the
a-Si0,/Si(111) interface,
Hyperfine parameters can reflect certain

properties of defects!'?.

Researchers can obtain
experimental values through electron paramagnetic
resonance(EPR).

Cook and White!" considered valence
polarization and nuclear polarization, and used the
MS-Xa method to calculate the hyperfine parameters

of defects in the Py, cluster model. In their study, they

found that fermi contact (the isotropic interaction)

and dipole-dipole interaction (the anisotropic
interaction) are 35% and 55% larger than the
experimental values, respectively.

Stirling™ constructed a periodic a-SiO,/Si(111)
interface model and calculated the hyperfine
parameters of P, defects. The isotropic interaction
(Ajso) obtained by the traditional calculation method
is 20% higher than the experimental results, and the
anisotropic interaction (A,,) overestimates the
experimental value by 30%.

Currently, EPR has been used to determine the
H, passivation process of Py-type defects. The
study[M] found that at the end of the passivation
process there was a interspace hydrogen atom and an
antimagnetic defect HPy,.

At about 220 C, the P, center can be passivated
by H,. The reaction equation of the passivation
reaction is: P, +H, >HP +H , and the reaction
barrier for this reaction is 1.66 eV'"*. In a follow-up
research!"”), Rashkeev proposed that only H' not only
can easily migrate to the interface but also can stably
exist at the interface. Therefore, threefold-
coordinated Si can  be

H": Si-H+H" »D"+H, at

depassivated by
about 550 C.
Subsequently, Brower et al. proposed the process of
passivation and depassivation of P, defects and H
atoms The reaction equations are: P, +H” —P,H and
P,H+H" > P, +H,. The study suggested that these
two reaction processes can proceed spontaneously at
room temperature without reaction barriers''®.

Although the process of passivation and
depassivation, energy change, and charge distribution
of interface have been studied, most of the studies are
simulated cluster models or abrupt interfaces.

However the structural parameters of the crystal
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interface transition are quite different from the
amorphous interface which is closer to the actual
model. Moreover, for the passivation and
depassivation of P, defects at the a-SiO,/Si(111)
interface, there has been no research and analysis on
the intermediate state of passivation and depassivation
and its corresponding system energy changes.

In this paper, using molecular dynamics method,
based on a-SiO, and crystalline Si, Large-scale
Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software!'"? is used. In addition,
ReaxFF force field'” is used to construct the
a-Si02/Si(111) interface model by heating, melting
and annealing the interface model. Moreover, the
rationality of the model is analyzed from the following
aspects, such as the bond length and angle distribution
of the model, the density of the interface transition
region, and the change of Si atoms in different
oxidation states along the interface normal direction.

Based on the above-mentioned reasonable model,
the basic properties of the amorphous interface defects
are studied. The hyperfine parameters of the Pb defect
and the g tensor were calculated by using the Gauge
Including Projector Augmented Waves(GIPAW)
module of the Quantum-Espresso software”'. And the
spin charge density of Pb defects are calculated with
Vienna Ab Package(VASP)

software®?,

initio  Simulation

In order to study the reaction process between the
Pb defect at the interface and the passivation and
depassivation of H, the density functional theory (DFT)
is used to construct the initial and final states of the
reaction, the climbing image nudged elastic band
(CI-NEB) method is used to obtain the reaction curve
and reaction barrier'™. In conclusion, the defect and its

process of passivation and depassivation in the

a-Si02/Si(111) interface has been studied by using

first-principles calculation.
1 Method

1.1 Molecular Dynamics method

The Molecular Dynamics method (MD method)
is an important method for studying the structure and
properties of molecular systems. Considering that
Si0,/Si is composed of a Si substrate, a sub-oxidized

9], a contact oxidation

region, and a SiO, region[
method can be used to construct a SiO,/Si(111)
interface model. The MD method can impose
macroscopic constraints on the system to simulate
different systems during the simulation process. In
this work, we use molecular dynamics method, use
LAMMPS software and ReaxFF force field, to build
the a-SiO,/Si(111) interface model by heating,
melting and annealing the interface model.

At first, a-SiO, is obtained by melting and
quenching a a-cristobalite with 216 atoms. And then,
the crystalline Si structure is cleaved to obtain a
8-layers-Si(111) surface. Then, the a-SiO, layer is
stacked on the Si(111) surface, and the distance
between a-SiO, and Si is 2 A. Finally, through the
ReaxFF force field in Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software,
we use MD method to anneal the a-SiO,/Si(111)
interface model obtained above. During the annealing
process, the interface model is heated from 0 ~1 000 K
at a rate of 67 K/ps, and heat treatment is performed
at 1000 K to relax the model at that temperature by
50 ps. Cooling down from 1000~ 0 K after passing
through the above process, a 13.30%x15.36x49.39

model is built.

1.2 First-Principles calculattion

Vienna ab initio simulation package (VASP)**
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can investigate the electronic structure of matter. It
solves Schrodinger's equation and simulates the
scale.

properties of matter from the atomic

First-principles calculations based on Density
Functional Theory (DFT) can be applied to systems
with a large number of atoms. Nuclei and electrons
are considered in this method, so the properties of the
system including electrons and magnetism can be
obtained.

Therefore, based on the density functional
theory (DFT), VASP software is used to perform
first-principles

Perdew-Burke-Ernzerhof (PBE)

calculations by using the
in generalized-
gradient approximation (GGA)?*. Furthermore the

) 2T s used

projector augmented-wave method (PAW
to describe the interaction between valence electrons
and ion nuclei. In the input file, the plane
fundamental cutoff energy is set to 400 eV. Since the
unit cell has 353 atoms, in order to make reasonable
use of computing resources, we choose one gamma
point in the Brillouin-zone integration. When the total
energy difference is less than 10~ eV during the
calculation, the structure relaxation is completed
when the force of the ion relaxation motion is less
than 0.05 eV/A. In order to study the magnetism of
unpaired electrons and the spin charge density in the
system, the ISPIN parameter is set to 2 in the

calculation.

1.3 CI-NEB

The CI-NEB  method® makes some
improvements based on the NEB method. Compared
with the NEB method, it can use fewer intermediate
images and find more accurate saddle points™!.
Therefore, in order to find the reaction curve and
reaction  barrier

during the passivation or

depassivation of Py-type defects, we use the CI-NEB

method to search the minimum energy path (MEP) to
find the exact saddle point, and finally obtain the
transition state structure. First, we construct the stable
initial and final structures, and then insert the
appropriate number of images based on the difference
between the initial and final structures. In the input
file, the label LCLIMB is set to TRUE, and the error
of total energy is set to 10~ eV, besides the force on
each atom is less than 0.05 eV/A. Therefore, we can
get the reaction curve and reaction barrier in the

calculation results by using NEB method.
1.4 GIPAW

Gauge including projector augmented wave
(GIPAW)?! 22" method can be approached to the
calculation of the all-electron magnetic response by
using pseudopotentials, and provide reliable
hyperfine parameter for various defects in different
semiconductors. This method has been considered by
many researchers as a feasible and effective method
for calculating hyperfine parameters.

We use the GIPAW method of Quantum-
Espresso (QE) software to calculate the EPR

hyperfine parameters and g tensor of defects?!).

2 Result and discussion

2.1 The properties of interface model

2.1.1 Interface model

The process of constructing the a-SiO,/Si(111)
interface model is described as above. At an
oxidation temperature of 1 000 K, the O atoms in
a-Si0, will diffuse into the Si layer gradually, and the
transition region is formed.

Fig. 1 depicts the distribution of silicon atoms in
different oxidation states along the interface normal

direction. The wvalence ratio of Si atoms 1is
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Si'":Si*":Si*"=15:22:7. For the transitional region,
Si'" is the majority on the side closed to the Si layer,

while Si*" is the main oxidation state on the side near

SiO,. The oxidation state distribution and the
thickness of the transition region are consistent with
28-29]

the results of X-ray photoelectron spectroscopy! .

4
Q
g 3t
= : g
5 SiO Si
2 2t 2
.=
E
1
)
0 L L _—
10 15 20 25 3 35 40
Z-coordinate/A
Fig. 1 Distribution of oxidation states of Si along interface

normal direction

2.1.2 Distribution of bond length and bond angle

It can be inferred from Tab. 1 that the Si-O bond
length in the transition region of the SiO,/Si(111)
interface is slightly larger than that of the bulk, which
is consistent with previous studies®®>". The
oxidation state of the Si is related to the electrostatic
attraction between the atoms, so the higher the
oxidation state is, the greater the interactions between
the atoms is. In addition, the Si(111) plane of the
crystal does not match the a-SiO, precisely, resulting
in internal compressive strain in the a-SiO,, the
Z8Si-O-Si in the transition region in this interface
model is sharper than the bulk. At the same time, the
Z0-Si-0 in the transition region of this interface
model will be slightly lower than that of the bulk
because of the existence of the suboxidized Si, which
is in line with the change trend of literature®. The
Si-O bond is repelled due to the interaction between
atoms, making the angle £0O-Si-O of the latter

slightly smaller than sp® which bond angle is 109°28".

Tab. 1 Distribution of bond length and bond angle for
a-Si0,/Si(111) interface
Si-O(A) ZSi-O-Si Z0-Si-0
Research —
Transiti
Data Bulk Transition Bulk Transition Bulk
on
139°—  147°-
Exp. - 161 - 109.4°
143° 151°
Theory 1.65 1.64 140.9° 143.0° 106.4° 109.5°
This
1.66 1.64 140.18° 140.32° 109.17° 109.5°
work

2.1.3 Plane displacement of Si atoms near the

interface

Due to the lattice constants of a-SiO, and Si
cannot be precisely matched, irreversible stress will
be generated at the interface, which will cause a
certain displacement of the Si atoms near the
interface. As Fig. 2, the average offset of the first
layer of Si atoms is 0.474 A, and the standard
deviation is 0.275 A. The fourth layer of Si atoms has
an average offset of 0.251 A and a standard deviation
of 0.044 A. The calculation results obtained in this
paper are consistent with the research results in

previous study*.

1.0

0.8

o
o
:

(=]

d/Angstrom
~

e
)
T

0.0
Si layer

Fig. 2 Plane shift of four Si atoms near interface

2.2 The properties of P;, defect

In order to construct a dangling bond defect
which is perpendicular to the [111] direction in the
Si0,/Si(111) interface model, an O atom is removed

at the interface, and the dangling bonds on the a-SiO,
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side are terminated with H atoms. The H atom has an
effect on the defect, so the H atom is directed to the
side away from the P, defect. The defect model is

shown in Fig. 3.

Fig. 3 Structure of P, defect which defect center atom Si(1)
is marked in green

The calculated g tensors and hyperfine
parameters by using the GIPAW method are shown in
Tab. 2. By diagonalizing the g tensor matrix, three
g-value components along different directions which
are orthogonal to each other are obtained: g;, g, and
g3 respectively. Besides, from the matrix
diagonalization results and Tab. 3, we can see that
g1=g,=2.005 7, g1 =(gy+g3)/2=2.013 5, where g, is
along the direction of the Si dangling bond, while g |
is perpendicular to the direction of the P, defect.
Similarly, the hyperfine parameters include the
hyperfine parameters A, which are parallel to the
direction of the Si dangling bond and A ; which are
perpendicular  to  the  direction of  the
threefold-coordinated silicon atom. These two

parameters are derived from the diagonalization of

the hyperfine parameter matrix.

As shown in Tab. 2, the A, obtained in this
paper is approximately 14.5% larger than the
experimental value, and the A | is approximately 6%
smaller than the experimental value. However, the
A, calculated by the traditional method is 17.8%
larger than the experimental value, and the A, is
about 39% larger than the experimental value. In
summary, compared with the traditional PAW method
using the GIPAW method, the calculated tensor and
hyperfine parameters are more accurate to with the
experimental values.

The static charge calculation of the P, defect
structure is performed to obtain the spin charge
distribution of the Py, defect (Fig. 4(a)). It can be seen
in Fig. 4(a) that the spin charge is mainly distributed
near the defect center Si atom (Si(1)) and its three
backward Si atoms (Si(2), Si(3), Si(4)). It is shown
that these four Si atoms form the structure of *Si=Si,
which is the characteristic atomic structure of Py
defects.

Since the trapping of holes or electrons by P,
defects has an important effect on the silicon-based
semiconductor devices, it is necessary to investigate
the charged P, defects. Fig. 4(b) ~ 4(c) show the spin
charge distribution after P, defects trapped electrons
and holes, respectively. It can be inferred from Fig. 4
and Tab. 3 that P, defects are paramagnetism, while
negatively-charged P, defects and positively-charged
P," defects are diamagnetism. This feature is

consistent with the previous research™.

Tab.2 Hyperfine parameters and g tensors of P, defect

Research Data gy g Ay Al
2.0012 2.008 1 152 89
Exp. 2.001 6+0.0003 2.009 0+0.0003 146.0£5 85.0+8
2.001 3-2.0017 2.008 7 146 85
Theory -—- --- 179.2 123.9
This model 2.005 7 2.0135 173.7 83.6
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(c) P," defect

Fig. 4 Spin charge distribution of the charged P, defect

Tab. 3  Average bond length, tetrahedron parameter t,
magnetic moment, and total energy of P, defects in neutral,
negative and positive charge states.

Average .
Charged Magnetic Total
Podefect M0 ! v
efec momen ener
b length/A Ho &
P, 2.286 1.07 1 O(reference)
Py 2.333 241 0 +0.733
P, 2.263 0.12 0 —0.056

In order to study the local defect structure, we
carry out the quantitative research as follows: average
bond length, tetrahedral parameter t, magnetic
moment (uB) and the total energy of defect. In
addition, the average bond length is that of the defect
center Si atom and its three backward Si atoms
(Si(1)-Si(2), Si(1)-Si(3), Si(1)-Si(4)). The tetrahedral
parameter ¢ =(360— Zf a;)/31.5, where a; is the
three bond angles of Si-Si(1)-Si which are formed by
the defect center atom and its three backward Si
atoms.

The Tab. 3 shows that the average Si-Si bond
length of the neutral P, defect is 2.286 A, which is
slightly shorter than the bond length (2.352 A) in the
Si(111) plane Si of the crystal. On one hand, when P,
defects trap electrons, the average bond length of
Si-Si bonds increase by 2% compared to neutral Py,
defects, and the total energy of the system increase by
0.733 eV. On the other hand, when Py, defects capture
holes, the bond length is shortened by 2.8%, and the
total system energy is reduced by 0.056 eV. Moreover,

for neutral P, defects, the average bond angle formed
by the defect center Si(1) and its three backward Si
atoms is 108.68°, which is very close to the sp’
structure (the average bond angle is 109.5°). After the
Py, defect trap electrons, its Si-Si(1)-Si bond angle is
94.60° on average, which is sharper than that of
neutral P, defects, so the tetrahedral parameter t
increase from 1.07 to 2.41. After the holes are
trapped by the P, defect, the corresponding average
bond angle is 118.70°, which indicates that the
Si-Si(1)-Si bond angle becomes smoother than the Py,
defect which is neutral, and the tetrahedral parameter t
drops to 0.12 which is close to the ideal sp” structure
(the average bond angle is 120°).

2.3 Passivation reaction

2.3.1 Passivation reaction between P}, defect and H,

In order to obtain the initial state of the
passivation reaction (Fig. 5(a)), a hydrogen molecule
is placed in the void near the threefold-coordinated Si
atom. Moreover, a H atom is used to passivate the Si
dangling bond, and the other H atom is placed in the
interspace near the passivated P, defect, and we
obtain the final state of the reaction (Fig. 5(b)).

As we can see from the Tab. 4, at the beginning
of the reaction, the bond length of the hydrogen
molecule is 0.748 A, and the distance between H(1)
and Si(1) is 3.496 A (Fig. 5(a)). In the 01 state (Fig.
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6(a)), H(1) gradually approaches the Py defect, and Tab. 4 Bond length and energy of intermediate state of

’ ’ passivation reaction between H, and P, defect
the distance between H(1) and Si(1) is shortened by Bond length o o 0 0 o
25% compared with the initial state. Besides, the and energy
bond length of H(1) and H(2) is 0.755 A, and the H()-H@) 0748 0755 1.608  2.360  2.631

Si(1)-H(1)  3.496 2.591 1.519 1491  1.490

energy of the system increase by 0.2 eV. Energy/eV 0000 0207 1294 1218 1239

Subsequently, the bond between H(1) and H(2)
broke, and the distance between H(1) and H(2)
increased to 1.608 A. With the distance between H(1)
and Si(1) decreases, H(1) attaches to Si(l) and
passivates Py, defect (Fig. 6(b)). At this time, the

energy of the system reaches the maximum value of

about 1.29 eV (Fig. 7).

(a) Initial state (00 state) (b) final state (04 state)

Fig. 5 Initial and final state of passivation reaction between
H, and P, defect

(a) 01 state (b) 02 state (c) 03 state

Fig. 6 Intermediate state of passivation reaction between H, and P}, defect

12 —_ 0 the distance between the two H atoms increases, and

’ the Si(1)-H(1) bond length gradually decreases.

. 1.0t When reaching the final state (Fig. 6(c)), the bond

Eﬁ 08 length of Si(1)-H(1) is 1.49 A and the energy of the

g % system is about 1.24 eV, which is consistent with the
047 previous simulation results.

21 '3 The reason why the final state reaction energy is

00 ] 0..5 1.|0 1.l5 2.10 2..5 3j0 3..5 4.0 relatively high is that in the actual passivation

Reaction coordinate/A . . . . .
reaction, the H atom in the interstitial position is not
Fig. 7 Energy curve of passivation reaction between H, and . . . .
P, defects stable and will still bond with other Si atoms or
passivate other dangling bond defects. Subsequent

As the reaction progresses, the structure relaxes, reactions are not considered, which results in higher
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end state energy in the simulation.

2.3.2 Passivation reaction between the H atom and

P), defect

In order to construct the initial state of the
reaction (Fig. 8(a)), an H atom is added to the
interstitial site near the Py, defect. The final state of
the reaction (Fig. 8(b)) is obtained by passivation of
Py, defect with H atom.

(a) Initial state (00 state) (b) final state (04 state)

Fig. 8 Initial and final state of passivation reaction between
H atom and Py, defect

As the Tab. 5 shows that at the beginning of the
passivation reaction, the H atom is 3.314 A away
from the Si dangling bond. In the 01 state of reaction
(Fig. 9(a)), the distance between H and Si slightly
increases, but not so much, so the energy reduction is

not obvious.

(a) 01 state

ARG

Journal of System Simulation

Vol. 32 No. 12
Dec., 2020

Tab. 5 Bond length and energy of intermediate state of
passivation reaction between H and Py, defect

Bond length

01 02 03 04
and energy
H(1)-Si(1) 3314 3292 2391 1.614  1.500
Energy/eV 0.000 0.001 -1.308 -3.203 -3.466

(b) 02 state

As the reaction progresses, H moves toward the
Py, defect, and the distance between the H atom and Si
dangling bond decrease. Subsequently the distance
between H and Si is 2.391 A, and the energy of the
system is —1.380 eV (Fig. 10). With the progress of
the reaction, H and Si atoms are bonded. The
H(1)-Si(1) bond length is 1.614 A, which is 32.49%
less than that in the 02 state, and the corresponding
energy is reduced by 59.16% (Tab. 5).

In the final state of reaction, the Si-H bond
length corresponds to the length of the Si-H bond in
vacuum. Furthermore, the Si dangling bonds are
passivated by H atoms, and the energy of the
structure is reduced by 3.466 eV from the initial
state. From the reaction curve in Fig. 10, it can be
seen that the passivation reaction of H atoms is an
exothermic reaction, which 1is consistent with

previous studies!'®.

(c) 03 state

Fig. 9 Intermediate state of passivation reaction between H atom and Py, defect
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0.0

Energy/eV

0 0.5 1.0 1.5 2.0 2.5
Reaction coordinate/A

Fig. 10  Energy curve of passivation reaction between H, and
Py, defects

2.4 Depassivation reaction

2.4.1 Depassivation reaction between proton (H")

and Py, defects

As can be seen from Fig. 11(a), the silicon
hanging bond is passivated by H atom, and a H atom
is connected to O(1) atom near the hanging bond
Si(1). By subtracting an electron from the system, the
initial structure (Fig. 11(a)) of the reaction is
constructed. In order to build the final state (Fig.
11(b)), a hydrogen molecule is put into the interspace
near the P, defect, and an electron is also subtracted
from the system in the relaxation. It is worth noting
that during the entire simulation process, in order to
make the initial state and final state charge the same,

one electron will be subtracted from the system for

(a) 01 state

(b) 02 state

CI-NEB calculation.

-

H(1)

(a) Initial state (00 state) (b) Final state (04 state)

Fig. 11 Initial and final state of depassivation reaction
between H™ atom and Py, defect

In the initial state of the passivation reaction,
the bond lengths of Si(1)-H(1) and O(1)-H(1)
between H(1), H(2) and silicon and oxygen atoms
are 1.507 A and 0.990 A, respectively. In the 01
state (Fig. 12(a)) of passivation reaction, the
distance between H(1) and H(2) gradually decreases

while the bond length of H(1)-Si(1) and H(1)-O(1)

b

increases to 1.524 A and 0.997 A respectively,
which is smaller than that of the 00 state. Therefore,
the energy of the 01 state is only about 0.005ev
higher than that of the 00 state (Tab. 6). It can be
seen from Fig. 12(b) that due to the attraction of the
interaction between atoms, the distance between H(1)
and H(2) is reduced to 0.965 A, which is 48.42 %
lower than that of the state of 01.

(c) 03 state

Fig. 12 Intermediate state of depassivation reaction between H' atom and Py, defect
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Tab. 6 Bond length and energy of intermediate state of
depassivation reaction between H' and Py, defect

RGTE AR

Journal of System Simulation

Bond length

and energy

H(1)-H(2) 2362 1.871 0965 0.767 0.759
Si(1)-H(1) 1.507 1.524 1.763 2231 2523
O(1)-H(1) 0990 0997 1397 2169 2.731
Energy/eV ~ 0.000 0.005 0.658 0.224  0.117

00 01 02 03 04

On the other hand, as the distance between H(2)
and O(1) increases, the proton detach from O(1) and
become H atoms in the void. In this process, the
energy of the system increases by about 0.65 ev (the
energy of protons detonate from O atoms is about
0.55 eV!"*! and the energy of the system reaches the
maximum (Fig. 13). With the progress of passivation
reaction, the distance between H(1) and Si(1)

gradually increases.

0.7
0.6}
0.5}
0.4}
03}
02} , ;,
0.1}t ——
0.0

~1.0

Energy/eV

0 0.5 1.0 15 20 25 30 35
Reaction coordinate/A

Fig. 13 Energy curve of depassivation reaction between H,
and Py, defects

From Fig. 12(c), we can see that the distance
between H(1) and Si(1) increases from 1.763 A in the
state of 02 to 2.23 A, and H(1) is separated from Si(1)
atoms. At this time, H(1) forms A bond with H(2),
and its bond length is 0.767 A. The energy of the
system is reduced by 66.15% compared with the 02
state, and the system gradually tends to be stable. At
the end of the depassivation reaction (Fig. 11(b)), a

positively charged Py, defect is formed, as well as a

Vol. 32 No. 12
Dec., 2020

hydrogen molecule in the interstitial space (bond
length of 0.759 A). As can be seen from Tab. 6, the
final system energy is 0.117 eV.

2.4.2 Depassivation reaction between H atom and

P), defects

In the initial state of reaction (Fig. 14(a)), a H
atom is placed in the interspace near the passivated Py,
defect, and the distance between the two H atoms is
about 2.6 A, the bond length of H(1)-Si(1) is 1.5 A
(Tab. 7).

(a) Initial state (00 state)

(b) final state (04 state)

Fig. 14 Initial and final state of depassivation reaction
between H atom and P, defect

Tab. 7 Bond length and energy of intermediate state of
depassivation reaction between H and P, defect

Bond length
and energy
H(1)-H22) 2.601 2267 1.750 0.760 0.751
Si(1)-H(1)  1.500 1.501 1.518 2514 3314
Energy/eV ~ 0.000 0.003 0.025 -1.109 -1.195

01 02 03 04

As the reaction proceeds, H(1) and H(2) slowly
approach each other, while the bond length of H(1)
and Si(1) gradually increases. The reaction reaches
the 02 state (Fig. 15(b)), at this time, the energy of
the system begins to decrease, and heat is released
during the reaction. When the distance between H(1)
and Si atoms reaches 2.5 A (Fig. 15(c)), H(1) and
H(2) form a bond with a bond length of 0.76 A.
Furthermore, the energy of the system decreases
sharply and the structure gradually tends to steady
state (Fig. 16).
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(a) 01 state (b) 02 state (c) 03 state
Fig. 15 Intermediate state of depassivation reaction between H atom and P, defect
0.2 . .
various properties of P, defects are analyzed.
0.0+ S . . .
According to the conclusion of the analysis, we
-0.2} . . . -
> 0 believe that P, defects are magnetic, while P, defects
L _ =
& 04 and P," defects are diamagnetic, which is consistent
S _n¢lk
5 06 with previous studies.
08 Finally, CI-NEB method is used to study the
-Lor ) passivation and depassivation of P, defects at
2005 10 15 20 25 30

Reaction coordinate/A

Fig. 16 Energy curve of depassivation reaction between H
atom and Py, defects

Finally, in the final state of the reaction (Fig.
14(b)), H (1) is 3.31 A away from the threefold-
coordinated Si atom, and H(1)-H(2) is 0.75 A. At this
time, the energy of the entire system is lowest. In the
process of passivation of P, defects by H atoms, there
iS no reaction barrier, and the reaction is an
[16]

exothermic reaction

1.19 eV (Fig. 16).

, releasing energy of about

3 Conclusion

First, based on MD method and first-principles,
an a-Si0,/Si(111) interface model is constructed. The
parameters of the model are basically consistent with
previous experimental and theoretical values.

Secondly, based on the above-mentioned
reasonable model, the basic properties of amorphous

interface defect (P, defects) is investigated. The

a-Si0,/Si(111) interface. The passivation reaction
between H, and P, defects has been investigated in
this paper. The reaction barrier is about 1.29 eV. At
the end of the reaction, the protons are detached from
O, the P, defect is passivated, and an H atom is
present in the gap near the defect in the end.

In addition, the reaction of deactivation of Py
defects by protons (H") is also studied in this paper.
The reaction barrier is about 0.65 eV. At the end of
the depassivation reaction, the H atom detaches from
the three-coordinated Si atom and a hydrogen
molecule is generated in the interspace. Finally, due
to structural relaxation, the structure of the P, defect
is similar to that of sp.

Moreover, the process of passivation and
depassivation of H atom and P, defects is simulated.
According to the simulation results, the reaction has
no reaction barrier. The reaction of the H atom to
passivate the P, defect is an exothermic reaction, and
the reaction of the P, defect to be passivated by the H

atom is an exothermic reaction.
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