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It is well known that in the process of thermal oxidation of silicon, there are Pb-type defects at amorphous silicon
dioxide/silicon (a-SiO2/Si) interface due to strain. These defects have a very important impact on the performance and
reliability of semiconductor devices. In the process of passivation, hydrogen is usually used to inactivate Pb-type defects by
the reaction Pb+H2→ PbH+H. At the same time, PbH centers dissociate according to the chemical reaction PbH→Pb+H.
Therefore, it is of great significance to study the balance of the passivation and dissociation. In this work, the reaction
mechanisms of passivation and dissociation of the Pb-type defects are investigated by first-principles calculations. The
reaction rates of the passivation and dissociation are calculated by the climbing image-nudged elastic band (CI-NEB)
method and harmonic transition state theory (HTST). By coupling the rate equations of the passivation and dissociation
reactions, the equilibrium density ratio of the saturated interfacial dangling bonds and interfacial defects (Pb, Pb0, and Pb1)
at different temperatures is calculated.

Keywords: first-principles calculation, a-SiO2/Si interface, Pb-type defects, equilibrium density
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1. Introduction

With the development of metal-oxide-semiconductor
(MOS) technology, a-SiO2/Si interface has been widely stud-
ied as an important part of semiconductor devices. The
threefold-coordinated silicon at a-SiO2/Si interface is usually
called Pb-type defect, that is, there is a Si dangling bond on the
side near the Si atom. The hanging bond defects at the inter-
face will affect the performance of the device, which should be
minimized in the process of semiconductor device preparation.
Hydrogen is usually used to passivate Pb-type defects and in-
activate them by forming the saturated dangling bond (PbH).[1]

All Pb-type defects have the similar structure [·Si(−Si)3] and
chemical properties. There are three types of Pb defects: Pb,
Pb0, and Pb1. The first one exists in a-SiO2/Si(111) interface,
and the latter two are located at a-SiO2/Si(100) interface.[2–6]

In the field of defect physics, the microscopic recognition
of charge traps at SiO2/Si(111) interface is implemented by
electron paramagnetic resonance (EPR).[3,7–9] Previous works
studied the passivation and dissociation kinetics of Pb defects
at SiO2/Si(111) interface by EPR. The kinetic parameters of
the thermal passivation in molecular H2 and dissociation in
vacuum of Pb defects were measured.[10–13] No matter passi-
vation or dissociation, it is found that the reaction processes of

Pb-type defects are very similar.[14,15] The overall analysis of
Pb–hydrogen interaction in SiO2/Si(111) interface is also ap-
plicable to the defects in SiO2/Si(100) interface.[16] Therefore,
Stathis and Stesmans et al. measured the kinetic parameters of
Pb0 and Pb1 defects in the dissociation and passivation reac-
tion processes by EPR.[15,17–19] However, due to the overlap-
ping of the Pb0 and Pb1 signals, the activation energy and the
pre-exponential factor of the two kinds of defects may not be
accurately determined.

For the process of passivation and dissociation of Pb-type
defects, the accuracy of the kinetic parameters is affected by
some inevitable factors such as spectral interference. In this
work, in order to accurately determine the activation energy
and pre-exponential factor, the mechanism of passivation and
dissociation of Pb-type defects is studied by using the Vienna
ab-initio simulation package (VASP) code based on the den-
sity functional theory (DFT). The reaction rates are calculated
by the climbing image nudged elastic band (CI-NEB) method
and harmonic transition state theory (HTST). Then, the equi-
librium density ratios of the saturated to the unsaturated ones
as functions of temperature are calculated by using the reac-
tion kinetic theory coupling the passivation and the dissocia-
tion reactions.
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2. Computational methods
The a-SiO2/Si(100) interface and a-SiO2/Si(111) in-

terface models in this work are derived from previous
works.[20–22] They are prepared by molecular dynamics sim-
ulation and implemented by the LAMMPS (large scale
atomic/molecular massively parallel simulator) code including
the ReaxFF force field.

In order to find the reaction curve and activation energy in
the passivation and dissociation processes of Pb-type defects,
the climbing image-nudged elastic band (CI-NEB) method[23]

is hired to search the minimum-energy path (MEP) and ex-
act saddle point, and transition state structure. Firstly, stable
initial and final structures are prepared, and then appropriate
number of images are inserted between the initial and final
structures. The Perdew–Burke–Ernzerhof (PBE)[24] parame-
terization of the generalized gradient approximation (GGA)
exchange correlation is hired in the calculation. The interac-
tion between valence electrons and atomic core are described
in terms of the projection augmented plane wave method. The
cutoff energy is set to be 520 eV for the plane-wave basis. The
precision of electron iteration is 10−5 eV, and the precision of
ionic loop is controlled by the criterion that the residue force
on each atom is less than 0.05 eV/Å.

After the transition state is found, the inactive atoms in
the initial state and the transition state are fixed, and the har-
monic vibration frequency is calculated. Then, the reaction
rate is calculated in terms of the harmonic transition state the-
ory (HTST).[25]

3. Kinetics of passivation and dissociation
Brower quantified the interaction kinetics of Pb and H2

at SiO2/Si(111) interface in his early work. The essence of
the interaction is the dissociation of H2 molecule, and Pb acts
as a catalyst for the decomposition of H2 molecule. It is dis-
covered that when temperature is higher than approximately
220 ◦C, Pb centers are passivated to PbH in H2. In addition,
when temperature exceeds 550 ◦C, the passivated centers dis-
sociate in vacuum.[10,14] The passivation and dissociation are
described by the equations

Pb +H2
kf−→ PbH+H, (1)

PbH
kd−→ Pb+H, (2)

where kf is the rate constant of the passivation and kd is the rate
constant of the dissociation. Because H atoms enter vacuum
through SiO2, they have a very high diffusion rate and leave
from the interface almost instantaneously. As a result, reverse
reactions can be ignored.[16] The reaction rate equations of the
passivation and dissociation are as follows:

d [Pb]

dt
=−kf [Pb] [H2] , (3)

d [Pb]

dt
= kd (N0− [Pb]) = kd [PbH] , (4)

where N0 is the total density of Pb sites (the maximum number
of recoverable ESR active defects),[26] N0 ∼ 5× 1012 cm−2,
and [H2] is the volume concentration of H2 molecules at
SiO2/Si interface. By combining Eqs. (3) and (4), the equi-
librium density ratio of [PbH] to [Pb] is obtained by

[PbH]

[Pb]
=

kf [H2]

kd
, (5)

where [H2] corresponds to the physical solubility of H2 in vit-
reous silica, so for the purpose of calculation, it can be approx-
imated by the stretched exponential[16,27]

[H2]
(
cm−3 · atm−1) = 2.639×1017+5.439×1021

× exp

{
−
[

T
2.415

]0.4299
}
. (6)

Therefore, in order to obtain the equilibrium density ratios of
[PbH] to [Pb] as functions of temperature and hydrogen con-
centration, we only need to know the passivation reaction rate
constant kf and the dissociation reaction rate constant kd. The
passivation and dissociation rate constants are given by the Ar-
rhenius equations[11]

kf = kf0 exp
(
− Ef

kBT

)
, (7)

kd = kd0 exp
(
− Ed

kBT

)
, (8)

where T is the temperature (in units of K), Ef is the activation
energy of the passivation reaction, Ed is the activation energy
of the dissociation reaction, kB is the Boltzmann’s constant,
and kf0 and kd0 are the respective pre-exponential factors for
passivation and dissociation.

According to the harmonic transition state theory
(HTST), the pre-exponential factor is given by

kHTST =
∏

3N
i νR

i

∏
3N−1
i νS

i
exp
[
−ES−ER

kBT

]
, (9)

where N is the number of atoms, νR
i and νS

i are the vibra-
tional frequencies of the ith normal mode at the initial state
and transition state, respectively, ER and ES are the energies
of the initial state and transition state, respectively. The pre-
exponential factor is equal to the ratio of the product of the
initial state vibration frequencies to the product of the transi-
tion state vibration frequencies.[25]

Pb0 and Pb1 defects are located at SiO2/Si(100) interface.
Like Pb defect, their passivation and dissociation reactions
mainly take place under hydrogen annealing, where the above
analysis holds.[14–16] The initial density[28] of Pb0 and Pb1 de-
fects is about 1× 1012 cm−2, and the initial density of Pb de-
fects is about 5×1012 cm−2.
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4. Results and discussion
4.1. Kinetic parameters of Pb-type defects
4.1.1. Passivation of Pb defects with molecular H2

The Pb defect is located at SiO2/Si(111) interface and has
a certain effect on the surface states of the semiconductor-
oxide interface.[2,29] In the process of annealing,[30] the inter-
face defects will be passivated in H2. First of all, we calculate
the reaction barrier and look for the transition state of the pas-
sivation reaction by using the CI-NEB method. The structures
of the initial and final states of the passivation reaction are
shown in Fig. 1(a). In order to obtain the initial state of the
passivation reaction, a hydrogen molecule is placed in the po-
sition near the trivalent interfacial silicon atom, and then the
atomistic model is relaxed. In order to obtain the final state
of the passivation reaction, one hydrogen atom is fixed in the
interstitial position near the passivated Pb defect, and the other
hydrogen atom is used to passivate the silicon dangling bond.

00

04

04

02

02

01
00

01

03

03

0 1.0 2.0 3.0 4.0

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

E
n
e
rg

y
 (

e
V

)

Reaction coordinate (A)

(a)

(b)

Fig. 1. (a) The atomic structures of the initial (00), final (04), and in-
termediate (01, 02, and 03) states of the Pb passivation reaction. (b)
Reaction curve of the Pb passivation reaction between H2 and Pb defect.

At the beginning of the reaction, the bond length of the
H–H bond in hydrogen molecule is about 0.75 Å. With the
reaction proceeding, the distance between the two H atoms
increases, and the total energy of the system also increases.
When the reaction proceeds to the 02 state, the distance be-
tween the two hydrogen atoms is about 1.76 Å, and the dis-
tance between the passivating hydrogen atom and the defective
silicon atom (Sid) is 1.52 Å. At this time, the energy reaches
the maximum, and the energy increases by 1.23 eV compared
with the initial state. With the reaction going on, when the fi-
nal state is reached, the H and Sid develop a bond with a bond

length of 1.5 Å, which is consistent with the ideal Si–H bond
length (∼ 1.5 Å). From the transition state 02 to the final state
04, the total energy of the system decreases by 0.025 eV.

In Fig. 1(b), the 02 state is the transition state and the acti-
vation energy is 1.23 eV. The vibrational frequency calculated
by VASP software shows that there is no imaginary frequency
in the initial state and one and only one imaginary frequency
in the transition state. The pre-exponential factor is calculated
to be 1.54×10−9 cm3·s−1.

4.1.2. Dissociation of PbH in vaccum

In the process of annealing in hydrogen-containing ambi-
ent, both passivation and dissociation of Pb defects occur.[16]

The CI-NEB method is hired to calculate the reaction barrier
of the dissociation reaction and to look for the transition state.
The structures of the initial and final states of the dissociation
reaction are shown in Fig. 2(a). In order to obtain the initial
state of the dissociation reaction, a hydrogen atom is moved to
the unsaturated dangling bond to passivate the Pb defect, and
then the whole model is relaxed. In order to obtain the final
state of the dissociation reaction, the hydrogen atom is placed
in the void of the a-SiO2 random network far enough away
from the Pb defect, and then the whole model is relaxed.
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Fig. 2. (a) The atomic structures of the initial (00), final (04), and interme-
diate (01, 02, and 03) states of the Pb dissociation reaction. (b) Reaction
curve of the Pb dissociation reaction between H atom and Pb defect.

At the beginning of the dissociation reaction, the Si–H
bond length is 1.5 Å. With the reaction proceeding, the hy-
drogen atom leaves from the Sid. With the reaction going
on, the distance between the hydrogen atom and the Sid be-
comes longer and the energy of the system increases. When
the distance between the hydrogen atom and the Sid is about
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2.95 Å, the total energy of the system reaches the maximum
about 3.5 eV (transition state 03 in Fig. 2(b)) higher than the
initial state. As the reaction proceeds to the final state, the dis-
tance between the hydrogen atom and the Sid is about 3.35 Å,
and the total energy of the system decreases by 0.04 eV.

In Fig. 2(b), the 03 state is the transition state and the
activation energy is 3.50 eV. The frequency analysis of simple
harmonic vibration shows that there is no imaginary frequency
in the initial state, and there is one and only one imaginary
frequency in the transition state. The pre-exponential factor is
4.12×1014 s−1.

Both passivation and dissociation simulated here are
strongly endothermic, because a neutral hydrogen atom is pro-
duced in the interstitial of the a-SiO2 random network.

4.1.3. Passivation of Pb1 defects with molecular H2

For Pb1 defects, Stirling et al. pointed out that the asym-
metrically oxidized dimer (AOD) model is more reasonable
than the dimer and bridge model.[31] In the AOD model, two
backward Si–Si bonds in the dimer structure are oxidized,
which makes the direction of the dangling bond closer to the
experimental value. Therefore, the passivation of the AOD
model is investigated in this work. The structures of the ini-
tial and final states of the Pb1 passivation reaction are shown
in Fig. 3(a). In the passivation process, the passivating hy-
drogen atom is detached from the hydrogen molecule and ap-
proaching to the Pb1 defect. Due to the interaction between
the passivating hydrogen atom and the dangling band Si, the
distance between the two hydrogen atoms is increasing, and
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Fig. 3. (a) The atomic structures of the initial (00), final (04), and interme-
diate states (01, 02, and 03) of the Pb1 passivation reaction. (b) Reaction
curve of the Pb1 passivation reaction between H2 and Pb1 defect.

the total energy of the system increases. When the distance
between the two hydrogen atoms is about 1.41 Å and the dis-
tance between passivating hydrogen atom and Sid is about
1.63 Å, the energy increases by 1.19 eV, and the total energy
of the system reaches the maximum value (transition state 02
in Fig. 3(b)). As the reaction continues, the distance between
passivating hydrogen atom and Sid becomes shorter, and the
total energy of the system decreases by 0.077 eV.

In Fig. 3(b), the state 02 is the transition state and the ac-
tivation energy is 1.19 eV. The frequency analysis of simple
harmonic vibration indicates that there is no imaginary fre-
quency in the initial state and one and only one imaginary fre-
quency in the transition state. The pre-exponential factor is
1.49×10−9 cm3·s−1.

4.1.4. Dissociation of Pb1H in vacuum

The structures of the initial and final states of the Pb1 dis-
sociation reaction are shown in Fig. 4(a). In the process of dis-
sociation reaction, the hydrogen atom will be detached from
the passivated Si atom, and the distance between the hydro-
gen atom and the Sid becomes longer. In addition, the total
energy of the system increases slightly. When the distance
between the hydrogen atom and the Sid is 2.99 Å, the Sid–H
bond is broken, and the total energy of the system reaches the
maximum value, which is about 3.58 eV (transition state 03
in Fig. 4(b)). With the reaction going on, the total energy of
the system decreases by 0.026 eV, and the distance between
hydrogen atom and Sid reaches about 3.39 Å.
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Fig. 4. (a) The atomic structures of the initial (00), final (04), and interme-
diate (01, 02, and 03) states of the Pb1 dissociation reaction. (b) Reaction
curve of the Pb1 dissociation reaction between H atom and Pb1 defect.
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In Fig. 4(b), the 03 state is the transition state and the ac-
tivation energy is 3.58 eV. The results of frequency calculation
demonstrate that there is no imaginary frequency in the initial
state and one and only one imaginary frequency in the transi-
tion state. The pre-exponential factor is 2.33×1014 s−1.

4.1.5. Passivation of Pb0 defects with molecular H2

In addition to Pb1 defects, there are Pb0 defects in a-
SiO2/Si(100) interface. The Pb0 defect is located in the second
layer of silicon atom beneath the interface.[32] The structures
of the initial and final states of the Pb0 passivation reaction are
shown in Fig. 5(a). In the passivation process, the passivating
hydrogen atom is detached from the hydrogen molecule and
approaching to the Pb0 defect. Due to the Coulomb interaction
between the hydrogen atom and the Sid, the distance between
the hydrogen atom and Sid is getting closer, the distance be-
tween two hydrogen atoms is increasing, and the total energy
of the system is rising. Subsequently, the H–H bond is broken
and the hydrogen atom near the defect is covalently bonded to
the Sid (transition state 02 in Fig. 5(b)). Meanwhile, the dis-
tance between the two hydrogen atoms is about 1.40 Å, and the
distance between the passivating hydrogen atom and the Sid is
1.72 Å. With respective to the initial state, the total energy of
the system increases by 1.13 eV. With the reaction going on,
the distance between the hydrogen atom and the Sid gradually
becomes shorter, and the total energy of the system decreases
by 0.123 eV.
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Fig. 5. (a) The atomic structures of the initial (00), final (04), and interme-
diate (01, 02, and 03) states of the Pb0 passivation reaction. (b) Reaction
curve of the Pb0 passivation reaction between H2 and Pb0 defect.

In Fig. 5(b), the state 02 is the transition state and the ac-
tivation energy is 1.13 eV. The results of frequency analysis

display that there is no imaginary frequency in the initial state
and one and only one imaginary frequency in the transition
state. The pre-exponential factor is 2.49×10−8 cm3·s−1.

4.1.6. Dissociation of Pb0H in vaccum

Compared to Pb1 defect, the dissociation of Pb0 defect is
more complicated. Because the atomic structure around a Pb0

defect is similar to that of crystalline silicon, the dissociated
hydrogen atom is easily trapped by a Si–Si bond during the
dissociation process, forming the stable hydrogen bridge struc-
ture (Si–H–Si). The structures of the initial and final states of
the dissociation reaction are shown in Fig. 6(a). A hydrogen
atom is transferred to the unsaturated dangling bond to passi-
vate the Pb0 defect. After structural relaxation, the initial state
structure of the Pb0 defect dissociation reaction is obtained.
The hydrogen atom is placed next to the Si–Si bond near the
defect, and the final state structure of Pb0 defect dissociation
reaction is obtained by structural relaxation.

In the process of dissociation, the hydrogen atom is sepa-
rated from the Sid. As the reaction continues, the distance be-
tween the hydrogen atom and the Sid becomes longer and the
total energy of the system increases. In the 03 state, the co-
valent bond between the hydrogen atom and the Sid is broken.
In addition, the hydrogen atom is bonded with Si(1), and the
length of Si(1)–H bond is about 1.76 Å. In the 04 state, the dis-
tance between the hydrogen atom and the Sid is about 2.67 Å,
and the Si(1)–H bond length is about 1.58 Å. The energy of
the system reaches the maximum value, which increases by
about 2.25 eV. In the 05 and 06 states, the atomic structures
around Si(1) and Si(2) continue to relax. When the distance
between the hydrogen atom and the Sid reaches about 3.75 Å,
the hydrogen atom is bonded with both Si(1) and Si(2) forming
the hydrogen bridge structure, and the total energy of the sys-
tem decreases by 0.295 eV. The Si(1)–H bond length is about
1.61 Å, and the Si(2)–H bond length is about 1.65 Å.

In Fig. 6(b), the 04 state is the transition state and the acti-
vation energy is 2.25 eV. The results of the frequency analysis
show that there is no imaginary frequency in the initial state
and one and only one imaginary frequency in the transition
state. The pre-exponential factor is 5.99×1013 s−1.

Compared to Pb and Pb1 defects, the forward reaction bar-
rier of Pb0 defect is obviously lower. Through Bader charge
analysis of the dissociation process of Pb, Pb0, and Pb1 defects,
it is found that the initial states of the dissociation reactions
for the three defects are basically similar: the valence electron
numbers of the three passivated Si atoms are 3.34, 3.39, and
3.15, respectively. The valence electron number of the pas-
sivating hydrogen atoms of the three defects are 1.55, 1.59,
and 1.55, respectively. For the three defects, the final states
of the dissociation reactions are slightly different: the valence
electron numbers of the three defects are 3.98, 3.87, and 3.91,
respectively. The valence electron numbers of the passivating
hydrogen atoms of the three defects are 0.99, 1.64, and 0.99,
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respectively. Therefore, the charge transfer of Pb0 dissociation
is very different from that of Pb and Pb1. The final state of
the Pb0 dissociation produces the more stable hydrogen bridge

structure, which makes the hydrogen atom negatively charged.
This may be the reason why the forward reaction barrier of the
Pb0 dissociation reaction is lower.
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Fig. 6. (a) The atomic structures of the initial (00), final (06), and intermediate (01, 02, 03, 04, and 05) states of the Pb0 dissociation reaction.
(b) Reaction curve of the Pb0 dissociation reaction between H atom and Pb0 defect.

4.2. Equilibrium density ratio of saturated interface dan-
gling bond and intebrface defect

The calculated values of this work are compared with the
experimental values in Tables 1 and 2. The calculated results
of this work agree well with the experimental values. σEf and
σEd are spreads in activation energies around the mean values
Ef and Ed for passivation and dissociation, respectively. The
spreads are found adequately described by Gaussian distribu-
tions in the generalized simple thermal (GST) model.[16] In
the passivation reactions of the three kinds of defects, the ac-
tivation energies are approximately equal and Pb > Pb1 > Pb0.
In the dissociation reactions, the activation energies of Pb and
Pb1 are approximately equal, but the activation energy of the
Pb0 defect is lower than them by about 1 eV. Because the hy-
drogen atom generated by the Pb0 dissociation reaction is not
standing alone in bulk silicon and forms the stable hydrogen
bridge (Si–H–Si) structure, the activation energy of the dis-
sociation reaction is reduced. In addition, the pre-exponential
factors k f 0 of the passivation reactions of the three kinds of de-
fects are relatively close to each other and Pb0 > Pb > Pb1, in
which the pre-exponential factor of Pb0 passivation reaction is
one order of magnitude larger than that of Pb and Pb1. The pre-
exponential factors kd0 of dissociation reactions are also close
to each other and Pb > Pb1 > Pb0, where the pre-exponential
factor of Pb0 dissociation reaction is one order of magnitude
smaller than that of Pb and Pb1. This result may be determined
by the structure of the defect itself. It is worth noting that the
pre-exponential factors of the passivation reactions of Pb0 and
Pb1 calculated in this work are slightly lower than the exper-
imental values, possibly because of the fact that the signals
of Pb0 and Pb1 defects overlap each other, resulting in spectral
interference.[19]

We set the temperature range of 600–1000 ◦C with an
interval of 20 ◦C, and substitute it into Eq. (6) to obtain the
solubility of H2 in SiO2 at different temperatures. The cal-
culated activation energies and pre-exponential factors of the

passivation and dissociation reactions of the Pb-type defects
are substituted into Eqs. (7) and (8) to obtain the reaction rate
constants kf and kd at different temperatures. By substituting
kf, kd, and [H2] into Eq. (5), the equilibrium density ratio of the
saturated interfacial dangling bonds and interface defects un-
der the impact of both passivation and dissociation is obtained,
as shown in Fig. 7.
Table 1. Summary of the kinetic parameters for passivation reactions of
Pb-type defects.

Ef (eV) σEf (eV) kf0 (cm3·s−1)

Pb
This work 1.23 0 1.54×10−9

aExp. 1.51±0.04 0.06±0.004 9.8(+8/−5)×10−8

Pb0
This work 1.13 0 2.49×10−8

bExp. 1.51±0.04 0.14±0.02 1.43(±0.6)×10−6

Pb1
This work 1.19 0 1.49×10−9

bExp. 1.57±0.04 0.15±0.03 1.43(±0.6)×10−6

aRef. [12], bRef. [19].

Table 2. Summary of the kinetic parameters for dissociation reactions
of Pb-type defects.

Ed (eV) σEd (eV) kd0 (s−1)

Pb
This work 3.50 0 4.12×1014

cExp. 2.83±0.03 0.08±0.03 1.6(±0.5)×1013

Pb0
This work 2.25 0 5.99×1013

dExp. 2.86 0 2×1013

Pb1
This work 3.58 0 2.33×1014

dExp. 2.91 0 2×1013

cRef. [13], dRef. [15].

It is shown in Fig. 7 that the equilibrium density ratio of
the saturated interfacial dangling bonds to the interfacial de-
fects monotonically decreases with the increase of tempera-
ture in the range of 600–1000 ◦C. It is consistent with Stes-
man’s view that more effective passivation requires longer pas-
sivation at lower temperatures.[16] Among the Pb-type defects,
the value of [Pb1H]/[Pb1] is always the largest, the value of
[PbH]/[Pb] is the second, and the value of [Pb0H]/[Pb0] is the
smallest. At 600 ◦C, the maximum of [Pb1H]/[Pb1] is about
1.09× 108, that of [PbH]/[Pb] is about 1.29× 107, and that of
[Pb0H]/[Pb0] is about 3.36× 102. At 1000 ◦C, the value of
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[Pb1H]/[Pb1] is about 4.78× 103, that of [PbH]/[Pb] is about
9.37× 102, and that of [Pb0H]/[Pb0] is about 2.96. This is
because the activation energy of Pb0 dissociation reaction is
much lower than those of Pb and Pb1. In Arrhenius formula,
the activation energy is in the exponential position, and a rela-
tively low activation energy will lead to a significant increase
in the rate constant of the dissociation reaction. It is obvious
in Eq. (5) that the [Pb0H]/[Pb0] is inversely proportional to the
dissociation rate constant kd. This result is consistent with that
of Stathis et al.[33,34] Because Pb0 defect is located in the sec-
ond atomic layer beneath the transition region, Pb0 defect is
more difficult to be passivated than Pb1 defect.
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Fig. 7. Equilibrium density ratio of saturated interfacial dangling bonds
and interfacial defects of Pb-type defects at 1 atm H2.

5. Conclusion
Firstly, based on the kinetic theory of Pb–hydrogen re-

actions, it is deduced that the ratio of equilibrium density of
the saturated interfacial dangling bonds to interfacial defects
is a function (Eq. (5)) of reaction rate constants kf and kd. Sec-
ondly, the reaction mechanisms of passivation and dissociation
of the Pb-type defects are investigated by using first-principles
calculations based on density functional theory. The activation
energies and transition states of the passivation and dissocia-
tion reactions of Pb-type defects are calculated by the CI-NEB
method. According to the harmonic transition state theory
(HTST), the harmonic vibration frequency of the initial state
and transition state is analyzed, and the pre-exponential factor
is calculated. The calculated results are essentially consistent
with the previous experimental values. Finally, the calculated
activation energy and pre-exponential factor are substituted
into the Arrhenius formula to obtain the reaction rate constant,
and the reaction rate constant is substituted into Eq. (5) to ob-
tain the equilibrium density ratio of the saturated interfacial
dangling bonds and interfacial defects.

In the passivation reactions, the passivating hydrogen
atom is detached from the hydrogen molecule and approaching
to the interface defect to passivate the dangling bond defect.
In the dissociation reactions, the hydrogen atom breaks away
from the three-fold coordinated silicon atom and reaches the

void near the interface defects. However, the hydrogen atom
in the Pb0 dissociation reaction can be easily trapped by a Si–
Si bond, forming the Si–H–Si hydrogen bridge structure. The
simulation results show that the passivation and dissociation
reactions of Pb-type defects are endothermic, and the forward
reaction barrier is much higher than the reverse one.

In brief, the activation energies and pre-exponential fac-
tors of the passivation and dissociation reactions of the Pb-
type defects are calculated by using first-principles calcula-
tions and in good agreement with the experimental values. It
is shown that the ratio of equilibrium density of the saturated
interfacial dangling bonds to interfacial defects follows the or-
der Pb1 > Pb > Pb0. When the temperature is between 600 ◦C
and 1000 ◦C, the passivation degree of Pb type defects mono-
tonically decreases with the increase of temperature. Among
them, the passivation degree of Pb0 is the lowest.
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