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The first-principles calculations based on density functional theory are performed to study F-, Cl-, and N-related
defects of amorphous SiO, (a-SiO;) and their impacts on carrier trapping and proton release. The possible geometric
configurations of the impurity-related defects, the formation energies, the hole or electron trapping of the neutral defects,
and the mechanisms to suppress proton diffusion by doping N are investigated. It is demonstrated by the calculations that the
impurity atoms can interact with the oxygen vacancies and result in impurity-related defects. The reactions can be utilized
to saturate oxygen vacancies that will cause ionization damage to the semiconducting devices. Moreover, the calculated
formation energy indicates that the F- or Cl-related oxygen vacancy defect is a deep hole trap, which can trap holes and
prevent them from diffusing to the a-SiO,/Si interface. However, three N-related defects, namely N(2)o—-H, N(2)o=0, and
N(3)o-V,, tend to act as shallow hole traps to facilitate hole transportation during device operation. The N(2)o and N(3)o
configurations can be negatively charged as deep electron traps during the oxide charge buildup after ionization radiation. In
addition, the nudged elastic band (NEB) calculations show that four N-related defects, namely N(2)o, N(2)o-H, N(2)o=0,
and N(3)o are capable of capturing protons and preventing them from diffusing to and de-passivating the interface. This
research reveals the fundamental properties of the F-, Cl-, and N-related defects in amorphous silica and the details of
the reactions of the carrier trapping and proton release. The findings help to understand the microscopic mechanisms that
alleviate ionization damage of semiconducting devices by doping a-SiO,.
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1. Introduction

Si0,/Si interface plays an important role in semiconduc-
tor devices and has a great influence on device reliability. Ion-
ization radiation can induce electron-hole pairs in SiO;, which
will drift under the gate electric field. The holes will mi-
grate to the interface transition area and activate the interface
defects.!!! Protons will also activate the hydrogenated defects
and degrade the interface performance. These reactions ul-
timately lead to ionization damage at the a-SiO,/Si interface
that causes device degeneration or even failure. !>

In this paper, the first-principles calculations based on
density functional theory are performed to study F-, Cl-, and
N-related defects of a-SiO, and their impacts on proton re-
lease. There are two main processes for generating protons.
First, hydrogenation defects and protons (H') will form if
hydrogen molecules break at positively charged oxygen va-
cancy defects.!%”] Second, the H-containing defects could

DOI: 10.1088/1674-1056/abe3f7

also release protons by hole capture under the irradiation
condition.!”-8 Previous studies have also shown that the sus-
pension bond of oxygen vacancy can be terminated by doping
of Cl to reduce oxygen vacancy and improve the reliability
of a-Si0,.1! In this work, we have investigated the possible
configurations formed by the interaction of F, Cl, and oxygen
vacancy defects. After the conversion of the oxygen vacancy
defects to F/Cl related structures, the concentration of oxygen
vacancies is reduced, and the reaction of molecular hydrogen
and positively charged oxygen vacancy defects is suppressed.
The newly formed defects are found to be effective deep traps,
which reduce the amount of the holes that can be trapped by
the hydrogen-containing defects. Both effects suppress the
proton release process.

Due to the anti-radiation properties of N-containing
Si0,,1%!1 Jeong et al. constructed several N-containing de-

fect models and suggested that the coexistence of N and H
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improves the electrical reliabilities of Si oxynitride films.[?!

Orellana et al. studied NO, NH, N,, and atomic N interact-
ing with a Si-Si bond of an otherwise perfect SiO,.!'3! In this
paper, we discuss the neutral defect configuration of N in the
a-Si0, model, positively charged structures formed after neu-
tral defects trap holes, and the formation energy of these struc-
tures. N-containing defects will compete with oxygen vacan-
cies defects or hydrogenated defects to reduce the latter’s prob-
ability of trapping holes. Further, the N-containing defects are
found to be proton traps, which prevent protons from spread-
ing to the interface.

2. Methods

Under the theoretical framework of density functional
theory (DFT), the Perdew—Burke—Ernzerhof (PBE) parame-
terization of general gradient approximation (GGA) is used to
perform the first-principles calculation in the Vienna ab initio
simulation package (VASP) software. The role of the valence
electron and the real part of the atom is described by the pro-
jected augmented-wave method. The cut-off energy of plane
wave expansion is set to 520 eV. Brillouin-zone integration is
performed on the I" point due to the large size of the unit cell.
The convergence criterion for structural optimization is that
the total energy difference is lower than 10~* eV, and the crite-
rion for electronic self-consistent iteration is raised to 107> eV.
The defect-free a-SiO, model is taken from Ref. [14], where
216 atoms in a periodic unit are considered and the dimension
of the supercells in this work is about 16.5x16.5x12.4 A3.

To determine the relative stability and electrical proper-
ties of the impurity-forming structure, the formation energy
and transition energy levels of various defect structures in the
neutral and positively charged states are calculated under the
O-rich and Si-rich conditions. The bandgap of a-SiO, is un-
derestimated by GGA. To relieve the problem, we apply the
unscreened hybrid functional in which 35% of PBE exchange
is replaced by the Hartree-Fock exchange. In the present
work, the formula of formation energy is referred to as the
formalism defined by Van de Walle et al.[!3]

E"[X9] = Exq[X)] — Exoe[bulk] — ¥ mitt; + gEp + Ecorr, (1)
i

where Ei[XY] is the total energy of a-SiO, model containing
defect X with charge g, and Eix[bulk] is the total energy of
the same bulk a-SiO, model, n;u; is the chemical potential for
adding or subtracting atoms. At the O-rich condition (oxidiz-
ing condition), o = 1/2Uo,. Ecor is the correction term due
to system electrification. In this work, the energy of the state
of charge is corrected by calculating the change in electrostatic
potential from the period to the open boundary condition. Ecqy
is the correction for charged systems proposed by Freysoldt,
Neugebauer, and Van de Walle. [16]

3. Results and discussions

3.1. The configurations of atomic F/Cl decorated oxygen
vacancies and N related defects

To simulate the interaction between atomic F, Cl, and
oxygen vacancies in a-SiO», the central oxygen atom bonding
with Si atoms is removed, and all systems are relaxed to make
O vacancy in defect-free a-SiO;. Ten neutral dimer configura-
tions are obtained. The length of the Si-Si dimer is 2.43 A on
average, similar to the values in the previous report.[!”]

An atomic F is added in the a-SiO; model surrounding the
vacancy as the starting structure. After relaxation, the struc-
ture shown in Fig. 1 is obtained. The F atom is connected
to one of the Si atoms, and the other Si atom carries an un-
paired electron. The length between two Si atoms increases to
3.31 A, and the average Si-F length is 1.62 A. The interaction
structure of the Cl atom and the oxygen vacancy is the same as
that of the F atom, and the only difference is the bond length.
For the Cl passivated defect, the length between two Si atoms
increases to 3.06 A, and the average Si—Cl length is 2.12 A,
which is 0.5 A longer than the Si—F length.

O si
00
o F/Cl

Fig. 1. Defect configuration generated by the interaction of an F or Cl
atom and an oxygen vacancy.

It has been reported that the coexistence of N and H can
effectively eliminate the hole trap.!'8! During the proton re-
lease process, N-doped a-SiO, may react with both holes and
protons, thereby influencing the proton release process. There-
fore, possible configurations of N-related defects in a-SiO;
were investigated (Fig. 2). Substituting an N atom for an
O atom in the defect-free silica network, connecting two Si
atoms and performing structural relaxation, the N(2)o struc-
ture is obtained (Fig. 2(b)). The length of Si-N is 1.71 A on
average. This article adopts the same structure naming method
as in Ref. [19]. The symbol N represents N atom, the number
represents the N atom coordination number, and the lower-
case O represents N atom instead of O atom. In the N(2)o=0
structure (Fig. 2(c)), an O atom is added to the N(2)o structure
and an N-O bond is formed; the average Si—N bond length is
about 1.78 A. The structure of N(2)o—H is similar to N(2)o=0,
an H atom is added to the N(2)o structure and an N-H bond
is formed (Fig. 2(d)), the Si—N bond length does not change
much compared to that of N(2)o. The average value is about
1.72 A. Based on the N(2)o structure, the N atom is connected
with another Si atom to form a threefold N atom, the N(3)o
structure is obtained (Fig. 2(f)); the connecting oxygen atom
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of this silicon atom is removed to form a new structure named
N(3)o-V, as shown in Fig. 2(e). The Si—-N bond length is in-
creased by 0.05 A compared to the N(2)o structure, reaching
an average value of 1.76 A, and the bond angle of the three-
fold N atom is between 116° and 120°. In the meantime, the N
atom and the three Si atoms connected are almost in the same
plane. The bond length and bond angle of these structures are
very similar to those previously reported in a-quartz.['?1 All
structures have been observed in experiments. (20-231 N(2)0 and

N(3)o are the two structures that occur most frequently.?"’

(a)

Fig. 2. Possible configurations of N-related defects in a-SiO; (a) defect-free
a-Si0,, (b) N(2)o, (c) N(2)o=0, (d) N(2)o-H, (e) N(3)o-V,, (f) N(3)o.

3.2. Hole trapping at the neutral defect centers

Hole trapping at a-SiO, doped defects was simulated by
removing an electron from the unit cell and then optimized the
structure. F- and Cl-defects of a-SiO, converge into two dif-
ferent structures via hole trapping (Fig. 3). First, the atomic F
or Cl is connected between two Si atoms to form a Si—-F-Si/Si—
CI-Si bridge configuration (Fig. 3(a)). Alternatively, the dop-
ing atoms are connected to the one Si atom, and the other is in
an sp2 state at a threefold coordinated silicon atom (Fig. 3(b)).
In this configuration, the Si—O bond decreases to an average
value of 1.57 A compared to the neutral charge state and the
four atoms are almost in the same plane.

(a) (b) © 5i
°0
o F/Cl

Fig. 3. Positively charged F- and Cl-related defect configuration (a)
Si-F/CI-Si bridge configuration, (b) sp> Si configuration.

As for N-related defects, all of them still maintain the
original configuration, but the bond length and the bond an-
gle have changed with respect to the neutral structure. In the
positively charged N(2)o configuration shown in Fig. 4(a), the
Si-Si distance increases to 3.46 A on average and the Si-N dis-
tance increases to about 1.78 A compared to the neutral charge
state. The total magnetic moment increases from 1.0 ug to
2.0 up, and the spin density mainly resides on the nitrogen
atom. Some of them spread over the two connected silicon
atoms and the three coordination oxygen atoms adjacent to the
silicon atoms. In the positively charged N(2)o=0 (Fig. 4(b)),
the Si—N bonds (bond lengths ~ 1.95 A) are longer than the
Si-N bonds (average bond length ~ 1.78 A) in the neutral
structure and the Si—-N-Si bond angle increases from 105° to
112°. The positively charged structure is closer to a planar
structure than a neutral structure. The total magnetic moment
decreases from 1.0 up to O pg. The spin densities in the neu-
tral structure show that the unpaired electron spins are mainly
located on p orbitals of the nitrogen and oxygen atoms. In the
positively charged N(2)o—H configurations shown in Fig. 4(c),
the average Si-Si distance increases to 3.28 A and the Si-N
distance increases to about 1.78 A compared to the neutral
charge state.

()

~’ a "N o Lothoe

% b, N —e g 4 Oj
| o‘f —> My 4
Yo% ¢« Potero 3K

Fig. 4. Positively charged N-related defect configurations (a) N(2)o, (b)
N(2)0=0, (c) N(2)o-H.

The spin density is mostly localized at the silicon dan-
gling bond in the neutral N(3)o-V,, configurations, and the
three coordination silicon atom is in the sp? state after captur-
ing the hole, as shown in Fig. 5(a). When the neutral structure
in Fig. 5(b) captures hole, unlike in Fig. 5(a), the spin-charge
density is localized on the three-coordinated N atom instead of
being captured by the oxygen atom connected to the Si atom.
The spin density mainly resides on the nitrogen and oxygen
atoms, and the total magnetic moment changed from 1 up to
2 Ug.
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Fig. 5. Positively charged N-related defect configurations. (a) N(3)o-V,,
(b) N(3)o.

3.3. Formation energy

Based on the above research, the formation energies of
neutral and +1 charged F-, Cl-, and N-related defects were
calculated. The results are shown in Fig. 6. The slope of the
straight line indicates the charged state, and the sloping-up,
horizontal, and slopping down segments are associated with
the +1, 0, and —1 charge states, respectively. The meter level
is aligned with the top of the valence band of a-SiO, without
defects, and the shaded area indicates the bandgap of Si. The
transition levels of different structures can be obtained from
Fig. 6.

8F— SiF+Si 1 12F—nN@)o ;
— SiCl1+Si

Formation energy (eV)
Formation energy (eV)

0 2 4 6 8 0 2 4 6 8
Fermi energy (eV) Fermi energy (eV)

Fig. 6. Formation energy as a function of Fermi energy for the F-, Cl-,
and N-related defect. The sloping-up, horizontal, and slopping down seg-
ments are associated with the +1, 0, and —1 charge states, respectively.

The results show that the CI formation energy is the high-
est when the system is uncharged. And the energy levels sug-
gest the defects are deep energy traps that prevent the holes
from diffusing to the interface.

The Fermi energy lies approximately in the middle of sil-
icon bandgap for most devices. For several structures obtained
by N doping, N(2)o—H has the lowest formation energy while
the Fermi level in the silicon bandgap. In contrast, N(3) struc-
ture has the highest formation energy. N(2)o—H, N(2)o=0,
and N(3)o-V, during device operation exist in a neutral state
and act as shallow traps to transport holes. The N(2)o and
N(3)o configurations, whose transition levels from neutral to
negatively charged states are in the silicon bandgap, could be
negatively charged as the deep electron traps during the oxide
charge buildup after ionization radiation.

3.4. Proton traps

N-containing defects will become proton traps to prevent
protons from spreading to the interface due to the coordina-
tion number of N. To simulate the reaction of a proton with
an N-containing defect, an H atom is placed near the gap, and
an electron is subtracted from the system to simulate a pro-
ton. According to the Bader charge analysis, the numbers of
valence electrons on H atoms are zero in all four of these struc-
tures. The structures are shown in Fig. 7.

3417 A

Fig. 7. Proton captured by the N-related defects. (a) N(2)o, (b) N(2)o=O0,
(c) N(2)o-H, (d) N(3)o.

In the N(2)o configuration shown in Fig. 7(a), a proton at-
taches to the atomic N and the average Si—N distance increases
to 1.78 A. In the N(2)o=0 configuration, the proton attaches
to the oxygen bonded to the atomic N. The Si—N bonds (bond
lengths ~ 1.86 A) are longer than the Si-N bonds (average
bond length ~ 1.78 A) in the structure without proton and the
Si—N-Si bond angle increases from 105° to 112°. The latter
configuration is closer to a planar structure than the former.
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For the N(2)o—H configuration, the proton attaches to atomic
N and the Si-N bonds increase to 1.89 A on average. For the
N(3)o configuration, the Si—N bonds (bond lengths ~ 1.89 A)
are longer than the Si—N bonds (average bond length ~ 1.76 A)
in the structure without proton.

Previous studies have calculated the energies of the three
coordination N configurations in SiO; before and after the trap
of protons. It has been claimed that nitrogen can be an effec-

(241 However, the paper

tive trapping center for hydrogen ions.
only considered the capability to capture protons by the tri-
coordination N defect but did not consider that whether the
trapped hydrogen ions can continue to diffuse along with the
oxygen atoms or not. Protons usually jump and diffuse be-
tween adjacent oxygen atoms in silica.!*>! Depassivation oc-
curs when protons diffuse to the interface, which will degrade
the interface performance.?%2” For the N(2)o structure, the
diffusion process of hydrogen ions from N-containing defects
to oxygen atoms is simulated by the nudged elastic band cal-
culation, which gives the reaction curve connecting the initial
and final states and the transition state associated with the en-
ergy barrier (Fig. 8). The reaction starts from the initial state
where the proton is attached to an N atom. The energy of
the reaction curve increases and reaches the maximum in the
transition state when the proton moves to the adjacent oxygen
atom. In the final state, the proton is connected to the O atom.
The energy is 1.25 eV higher than the initial state, so the reac-
tion is endothermic. The reaction from the initial state to the
final state is more difficult; hence protons (H™) tend to attach
to the nitrogen bridges in a-SiO;.

2.0

I /TS
1.6}

i Tsj ]
> ~__ FS
° 12} h ]
: ¥
£ Ifs sz L
= 0.8f
A . P

0.4} ot 9
O-IS . . . . .
0 05 1.0 15 2.0 25 3.0

Reaction coordinate (A)

Fig. 8. The reaction curve of the detrap of the proton captured by the
N(2)o configuration. The initial, transition, and final structures are il-
lustrated in the insets.

For the N(2)o—H structure, the diffusion process of a pro-
ton from N(2)o—H to oxygen atoms is also investigated, and
the reaction curve is plotted in Fig. 9. In the final state, the en-
ergy is 1.71 eV higher than the initial state. We can draw the
same conclusion as N(2)o, that is N(2)o-H defects are easier
to capture protons and it is difficult for the captured protons to
diffuse along with the oxygen.

7

_ L2t TS 29 & \ ]
~ > ) FS
% 0.8 e B o2 Rt
5 1S J 1S :} 3
Lg I » ¢ "(-
0.4} % ¥ : i
| 2 4\, é\n 4 |
0 ——/
IS . . . .
0 05 1.0 1.5 20 25 3.0

Reaction coordinate (A)

Fig. 9. The reaction curve of the detrap of the proton in N(2)o—H struc-
ture. The initial, transition, and final structures are illustrated in the insets.

2.5
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2.0}
%15
\% TS Fs‘\§
- ol #
£ 10fs e 30, Q}(
<X Fs
0.5
oIS

0 05 1.0 15 20 25 30 35 4.0
Reaction coordinate (A)
Fig. 10. The reaction curve of the detrap of the proton captured by
N(3)o structure. The initial, transition, and final structures are illus-
trated in the insets.

For the N(3)o structure, the diffusion process of the pro-
ton is plotted in Fig. 10. The reaction starts from the initial
state where the proton is attached to a threefold N atom. When
the proton moves to the adjacent oxygen atom, the positive re-
action barrier is as high as 2.28 eV, and it is almost impossible
to dissociate. In the final state, the energy is 0.72 eV higher
than the initial state, so the reaction is also endothermic and
protons tend to attach to nitrogen; thus, the defect center of
tricoordinate N is more comfortable to capture proton.

The diffusion of protons from the N(2)o=O structure to
the oxygen atom has also been studied. However, in the NEB
calculation process, the final state of the proton connected to
the adjacent oxygen atom cannot be obtained because the oxy-
gen atom connected to the N atom in the initial structure is
easy to capture protons. In summary, N-containing defects are
easier to capture protons, and it is challenging for the captured
protons to diffuse along with the oxygen. Thus N-containing
defects can prevent the occurrence of interface depassivation
reaction.

4. Conclusion

The F-, Cl-, and N-related defects in a-SiO, are studied
by the first-principles calculations based on density functional
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theory. The defects are obtained by interacting an F or Cl atom
with an oxygen vacancy or by optimizing the N-related defects
constructed in the defect-free models. The structure relation
and the formation energies of the F-, Cl-, and N-related de-
fects after trapping a hole are investigated. The results suggest
that F and Cl atoms can passivate oxygen vacancy defects. The
resulting defects induce the charge transition levels deep in the
bandgap, which can trap holes and then suppress their diffu-
sion. In a practical transistor, if the silicon base attached to
the a-SiO; is not highly p-doped, the two configurations of
N-related defects (N(2)o and N(3)o) are negative charge traps
which can also compensate the excess holes excited by the ir-
radiations. The capability of the N-related defects to capture
protons is also investigated. It is shown by the calculations
that the N-related defects can trap protons hence can serve as
proton sink to suppress proton diffusion and the following de-
passivation of a-SiO,/Si interface. This work pushes forward
the research of the impurity-related defects in a-SiO, by pro-
viding the fundamental parameters of the structure, formation
energy, charge transition level, and proton capture reaction.
These findings contribute to understanding the impacts of im-
purities on the ionization damage of semiconducting devices
and pave a way to alleviate the damage by rationally doping of
a-SiOz.
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