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Influences of neutral oxygen vacancies and E/ centers on a-quartz”
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Our calculations demonstrate that the concentration of neutral oxygen vacancies can affect the geometrical structrue,
electronic structure, and optical properties of ot-quartz. Moreover, the distribution of the neutral oxygen divacancy can also
exert some influence on the properties of a-quartz. The dissimilarity and similarities are presented in the corresponding
density of state (DOS) and absorption spectrum. In addition, when a higher defect concentration is involved in a-quartz,
the influence of E| center on the geometry of a-quartz becomes more significant. However, the introduction of an E| center
barely results in any improvement compared with the influence produced by the corresponding neutral defect.

Keywords: a-quartz, neutral oxygen vacancy, E| center, concentration and distribution of defects

PACS: 61.72.—y, 42.70.Ce, 71.90.+q

1. Introduction

The intrinsic point defects can markedly affect material
properties.!'=>! For instance, point defects can cause the trans-
mittance band position of multiphase zirconia film to shift!®]
and enlarge the friction of carbon nanotube.!”! And the oxy-
gen vacancies have a significant effect on the phonon mode
of hexagonal HoMnOj3 thin film.®) While among the point
defects generated in silica (SiO;) material,>~'?! the oxygen
vacancy (Vo) is one of the most point harmful defects. It
has been found that the Vy is a dominant element in the
percolation of SiO, and is responsible for the breakdown in
electric-field strength.!'3-151 The Vo vacancy can increase the
hole tunneling current passing through o-quartz.['®! In addi-
tion, when the number of V vacancies increases, the leakage
current can almost exponentially rise.l!'’! Therefore, Vo has
been extensively investigated from silica clusters!!8! to solid
materials.['”! In particular, a considerable amount of work
has been carried out to investigate the a-quartz with deficient
centers,?%2! including the theoreticalal study by using the
density functional theory (DFT).I?>23] According to the gen-
eralized gradient approximation (GGA) calculations, Kang et
al.®¥ indicated that a network of oxygen vacancies can dras-
tically increase the gate leakage current. Furthermore, it has
been found that the formation of the Vg chain is energetically
feasible once the isolated Vg vacancies are created.?* And
Nadimi et al.!'”) also reported a similar phenomenon that there
is an attractive interaction between two neutral vacancies.

When the oxygen vacancy in a-quartz is exposed to radi-
ation, the Ei center, which appears as the E;, center in amor-
phous SiO,, is a general generated center. Marshall ez al.[?>]
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observed that oxygen deficient centers can be converted into E’
centers after gamma irradiation. And the center has been stud-
ied experimentally and theoretically.!!>26:27
is also a controversy over the structure of the Ej center. For
example, there are several configurations provided for the E}
center, such as Oz = Si-TSi = 051828301 and 0, = Si -
—O- *Si = 0,.1'3311 But the universally accepted point is
that the positively charged oxygen vacancy (VO+ ) is consid-
ered to be the model of E| center. For example, Lenahan and
Dressendorfer!3?! pointed out that the positive charge can be
fixed at the neutral Vp, allowing the formation of the Ei cen-
ter. In the case of the stability of the E{ center, Chadi*¥! con-
sidered that the positively charged oxygen vacancy is unstable

in a-quartz, but the thermodynamic stability was provided by
34]

1 However, there

Carbonaro et al.

Because the above-mentioned defects have a major influ-
ence on the SiO, materials, a complete understanding of them
can help to improve the quality. It is necessary to make a
further study of the neutral Vo and E] center. In the present
work, we focus on studying the two interior defects located
within the bulk of a-quartz and not on the surface. Espe-
cially, we attempt to discuss the effects of the concentration
and distribution of the two types. Although the concentration
and distribution of Vp vacancies have been considered in pre-
vious works,17-24] while the used SiO» layers are sandwiched
between the Si structures. In this case, the effect of the concen-
tration and distribution of Vg vacancies on the SiO, material
has not been reported. Hence, both neutral Vo and Ei cen-
ters are introduced into the o-quartz with a maximum number
of 2 to produce an expected concentration. So two types of
neutral Vo models can be distinguished as follows: a single
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Vo (1-Vp) and two Vos (2-Vp). In the same way, the E{ cen-
ter also has two types as follows: a single E| (1-E{) and two
E{s (2-E{). On the basis of the successful applications of the
first-principles DFT, 3! which has been used to investigate the
Vo 3%) and neutralize supercells with charged defects, *7-38] the
DFT is also applied in the calculations.

2. Calculation method

The periodic supercell applied in our investigation con-
tains 72 atoms, which are obtained by 2a x 2b x 2¢ superlat-
tice. The lattice parameters!®>! of the used primitive cell are
a=b=4913 A, c=54052 A, a = B =90°, and y = 120°.
The space group of the primitive cell is P3;21, and there are
three formula units per cell, that is to say, there are three Si
atoms and six O atoms. The primitive cell in the supercell is
shown by a dotted line in Fig. 1(a). According to Ref. [19],
the neutral Vj is created by removing the O atom from its lat-
tice site in the intact crystal. With the purpose of producing
a concentration of defects, one and two oxygen atoms are re-
moved to establish 1-Vp and 2-V defects, respectively. So
we have the vacancy concentration of 1.4% and 2.8%, respec-
tively. To investigate the distribution of defects, a larger 8-
membered (i.e. 8 Si—-O-Si bonds) ring is chosen to vary the
position of the V. Therefore, the two oxygen vacancies are
separated by different numbers of Si—O-Si bonds (0, 1, 2, or 3
Si—O-Si bonds). For convenience, the model of two adjacent
Vos (separated by 0 Si—-O-Si bond) is denoted as 2a—Vp, and
the oxygen divacancy separated by 1, 2, or 3 Si—O-Si bonds
are represented by 2b;-Vp, 2b,—Vo, and 2b3-V, respectively.

To build the model with the E{ center, a net positive
charge is appended to one of the two Si atoms neighboring
the neutral vacancy. Like the neutral oxygen divacancy, the
two E] centers can also be separated by 0, 1, 2, or 3 Si-O-Si
bonds, and the types are identified as 2a—E|, 2b;—E}, 2b,—E{,
and 2b3—E] respectively. The positive charge can be arbitrar-
ily assigned to one of the two neighboring Si atoms; thus, two
models for each E| center can be constructed. Consequently,
we investigate the effects caused by changing the location of
the positive charge.

With the formation of the oxygen divacancy, two pairs of
adjoining Si atoms (marked as Sij, Sip, Sis, and Sis) remain
with the two Vps. In addition, Si, and Si3 are adjacent to each
other, and Si; and Siy are at the ends. The introduction of a
positive charge into the system with the 2-V center results in
the model with one Vo and one Ej. If the positive charge is
fixed on the Siy or Siz atom, the type of defect is denoted as
1-E{(I), and when the positive charge lies on the Si; or Sig
atom, the defect is marked as l—E; (I). As for the model with
two E|s, two positive charges are applied to the two Vps. The
2-E/(IT) defect is defined as two positive charges lying on Sis
and Si3. The 2—E|(I) defect is defined as two positive charges
locateed at Si; and Si3, or Siy and Siy. When the charges are
located at Si; and Si4, the defect is denoted as 2—E{ (III).

The relaxation of the related structures is performed
at zero pressure by using the GGA-PBE and ultrasoft
pseudopotentials.[*?) All of the calculations are carried out
by using the CASTEP software.!*! In the relaxation pro-
cess, the total energy convergence accuracy is set to be
2.0 x 1073 eV/atom and the maximum force acting on atom
is 0.05 eV/A. Additionally, the volume and cell shape are
also relaxed, except for the atomic positions. The 4 x 4 x 4
Monkhorst—Pack k-point grid is used for the Brillouin zone
integration. The maximum energy cutoff value for plane wave
expansion is 340.0 eV. The optimized configurations of «-
quartz with neutral Vps can be distinguished in Fig. 1.

Fig. 1. Configurations of a-quartz with different types of neutral Vo: (a)
without defect, (b) 1-Vo, (¢) 2a-Vo, (d) 2b1-Vo, (€) 2b,—Vo, and (f) 2b3—
Vo. The gray and black spheres represent Si and O atoms, respectively.
Because defects can modify electronic states and then

affect optical properties. Thus, the density of state (DOS)
is calculated to describe how the defects influence the elec-
tronic properties. To characterize the optical property, the
absorption coefficient is calculated, which can be obtained
by the complex dielectric function (@) (& (®) = & (w) +
i& (®)). The absorption spectrum is described by the fol-
lowing equation: 4?1

1/2
1) =20 |\l (@) 18 (0] ~a ()] .

where o is the frequency of light, and €, (@) and &, (@) are the
real and imaginary parts of the complex dielectric constants,
respectively.

3. Results and discussion
3.1. Structures

The calculated lattice parameters of the perfect o-quartz
supercell are a = b = 10.0795 A, ¢ =10.9558 A, a =
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89.5366°, B =90.4634°, and y = 120.835°. Compared with
the experimental values, the GGA values have the deviation
within 2.6% for the lattice parameters. As for the cell vol-
ume, the result obtained by GGA approximation is about 5.7%
larger than the experimental data. Additionally, for the Si-O
bond length in the intact a-quartz, our setting predicts lengths
in a range of 1.618 A-1.630 A compared with the experimen-
tal value of 1.61 A.[*3] Meanwhile, the previous calculations
give the values of 1.623 A-1.631 A.[13.15]

When the oxygen vacancy (1-Vp) is introduced into -
quartz, the Si—Si bond length at the vacancy is 2.463 A, which
is similar to the previous results of 2.50 A*4! and 2.44 A.[15]
It is also consistent with the observed Si—Si separation at the
relaxed oxygen vacancy ~ 2.50 A.[#51 At the same time, the
range of the Si—O bond lengths surrounding the vacancy ex-
tends to 1.633 A-1.642 A. Table 1 gives the structural param-
eters of the oxygen vacancies, when the a-quartz has a higher
Vo concentration (oxygen divacancy), there is a further expan-
sion in the Si—Si length compared with the length in the crystal

with 1-Vp, except for 2b,—Vo (2.424 A and 2.423 A), which
can be found in Table 1. Especially, with the defect of 2a—Vp,
the atomic structure of the vacancies is quite different from
the others’, and the Si—O bonds are severely distorted. But
the atomic structures of the two vacancies are similar to each
other, as well as the other types of 2-V. For the type of 2b3—
Vo, the two vacancies share the same atomic structure in the
Si-Si and Si—O bonds. Moreover, our calculated Si—Si bond
length, 2.467 A, is close to the reported value of 2.46 A.[15]

Table 1. Structural parameters of the oxygen vacancies for the configura-
tions with oxygen divacancy, and the length bond is given in unit A.

Dsi,—si, Dsij—0 Dsi,~0 Dsiy—siy, Dsi;—0 Dsiy—0
2a-Vo 2.518 1.643 1.656 2.520 1.644
2b1-Vo 2.467 1.632 1.644 2.501 1.641 1.636
2br,—Vo 2.424 1.640 1.639 2.423 1.639 1.640
2b3-Vo 2.467 1.638 1.636 2.467 1.636 1.638

Ds;, —si, is the length of Si;—Si; bond, and Ds;, s, is the Siz—Sis bond
length. At the same time, Ds;j, —0, Dsi; 0, Dsi;—0, and Ds;, o represent
the average lengths of Si;—0, Si;—O, Si3—0, and Siz—O respectively.
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Fig. 2. (color online) Calculated volumes of ct-quartz with various defects: (a) neutral Vo(s), (b) 1-Vo, and E] center, (¢) 2a-Vo and E| center, (d) 2b,-Vo
and E] center, (e) 2b,—Vo and E| center, and (f) 2b3—Vo and E| center.
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The volumes of a-quartz structures with various defects
are listed in Fig. 2. 1-V enlarges the geometry of a-quartz
with a value of 1.264 A3 as shown in Fig. 2(a). However,
different types of 2—V result in different volumes and geome-
tries. 2b1-Vo and 2b3-Vp lead to a further expansion in the
volume. Whereas the volume becomes smaller than the per-
fect crystal size, when the structure with 2a—Vg or 2b,-Vp. It
indicates that the distribution of the two vacancies can affect
the geometry of -quartz.

We can briefly analyze the effect of the E| center on the
geometry of a-quartz in Figs. 2(b)-2(f). From Fig. 2(b), we
find that the E| center can hardly change the volume of o-
quartz with 1-Vp. When there are two point defects, the num-
ber of E { centers makes some differences, so does the position
of the positive charge. It indicates that when ¢t-quartz involves
a higher defect concentration, the effect of £ { center on the o-
quartz geometry will become significant.

3.2. Density of states

3.2.1. Neutral oxygen vacancy

Figure 3 shows the calculated DOSs for the o-quartz
with and without neutral oxygen vacancies. We can know
that the band gap of the perfect o-quartz is 5.67 eV, which is
smaller than the experimental values of 8.29 eV-9.55 eVl
and 8.9 eV.[*7] But it is similar to the calculated values of
5.8 eVl and 5.7 eV.10] Ag shown in Fig. 3, there are four
distinct bands (three bands in the valence band and one band
in the conduction band) in the DOS curve of the perfect -
quartz, and the highest occupied state (the maximum of va-
lence band) is located near the Fermi level. Upon formation
of the Vj, the locations of the four bands evidently shift com-
pared with those in the case of the intact crystal. Almost all
of the bands move toward the lower energy level as described

(151 In particular, the movement of the band in

by Zhang et al.
the conduction band results in the reduction of the band gap.
Meanwhile, the peaks also decrease with the formation of Vg.
However, there is agreement in the positions of the DOS bands
for the defective ¢t-quartz, except for the model with 2a—Vg.
When the a-quartz has two adjacent Vgs, further movement
occurs in all bands, especially in the DOSs in the conduction
band. As a result, the band gap becomes narrower than those
of other structures. The changes in the DOSs may be a result
of the redistribution of the two electron charges that remains
after the O atom has moved to the two neighboring Si atoms.
In the valence band, each of the calculated DOSs is lower
Moreover, the DOS

bands (in the valence band) continually decrease as the num-

than that of the undefected o-quartz.

ber of defects increases. However, the DOSs for the models

with 2-Vg centers are higher than those with 1-Vg at the edge
of conduction band, except for the model with the 2b,—V( cen-
ter. In addition, we find that different types of 2-V centers ex-
hibit minimal differences in the DOS of the valence band, and
the 2b,—V center exhibits a noticeable decrease. The similar-
ity in the DOSs is also present in 2b;—Vg and 2b3—V as their
curves almost completely overlap. The variations observed in
the calculated DOSs are attributed to the electrons activated at
various levels. On the basis of these results, we infer that the
concentration and distribution of vacancies can sufficiently af-

fect the electronic structure.
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— &0 — 2a—Vy
= — 2,— V)
~
z - 2b,— Vo
<) 60 2b;— Vo
B
3]
o)
G
< 40
)
o
a
20

Energy/eV

Fig. 3. (color online) The calculated DOSs for ¢¢-quartz without and with
neutral oxygen vacancy/vacancies.

3.2.2. E| center

The DOSs of structures with Ej centers are also calcu-
lated. The results are shown in Fig. 4. DOSs for the models
with 1-E{ and 1-V( are in excellent agreement as illustrated in
Fig. 4(a). It means that neither shifting a single V defect into
the E/ center nor catching a hole or losing an electron (one of
the Si atoms at the Vp) will affect the electronic structure.

Some minor differences emerge in the two bands near the
Fermi level (in the conduction band and at the edge of valence
band), when the 2a—V( center is introduced into the o-quartz
as shown in Fig. 4(b). However, the differences from the other
valence bands are undetected. The undetected differences im-
ply that the E| center can hardly affect the major of DOS, but
the E] center has a great influence on the DOSs near the Fermi
level. Furthermore, it suggests that the effect of catching a hole
or losing an electron (an arbitrary Si atom in the Vg center) is
almost negligible, and the electronic excitation can easily hap-
pen. Similar phenomena also appear in the other systems as
shown in Figs. 4(c)—4(e). We can conclude that for the config-
uration with one or two E{ centers, the behavior of the DOS
is qualitatively similar to that of a-quartz with corresponding
2-Vp center.
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Fig. 4. (color online) DOSs of different configurations with E' { center(s): (a) 1-Vo, (b) 2a-Vp, (¢) 2b1-Vo, (d) 2b,—Vo, and (e) 2b3-Vo.

3.3. Absorption spectrum
3.3.1. Neutral oxygen vacancy

The absorption spectra for the related configurations with
neutral Vo(s) are displayed in Fig. 5. Notably, the absorption
intensity, as well as the frequency where the peaks occur, de-
creases upon formation of the V. Simultaneously, the optical
absorption band widens compared with the shape of absorp-

tion spectrum curve for the perfect a-quartz. The changes in-

dicate that the introduction of Vg can remarkably influence the

optical property of o-quartz. Once the two Vs appear, the

similar.
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absorption intensities are further reduced, except for the 2b,—
Vo type. The decrease observed in the absorption coefficient
shows that the concentration of defects can affect the optical
property of ¢-quartz. However, the absorption band widths of

configurations with single Vo and some types of 2-Vg are still
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Fig. 5. (color online) Absorption spectra for the ¢-quartz without and with
neutral oxygen vacancy/vacancies.

It should be emphasized that the influence of 2b,—Vp on
the absorption spectrum is profoundly different from those
of the other types of defects. The 2b,—Vp center results in
a maximum absorption intensity that is considerably higher
than those of other configurations, and the positions of the two
peaks are at the lower energies. In addition, we can also no-

tice that the 2b,—V leads to the widest optical absorption band
among the defective configurations. However, the lineshapes
of the absorption spectrum for 2b;—Vp and 2b3—V are similar
to each other, which is similar to the case of the correspond-
ing DOSs. The dissimilarities and similarities reveal that the
distribution of vacancies becomes more significant.

3.3.2. Ej center

According to Fig. 6, the absorption spectrum for o(-quartz
with E| centers is similar to that from the model with the cor-
responding Vo, just like the case of DOSs. And the absorption
spectra are very close, including the absorption peaks and the
frequencies where the peaks take place. Especially, the two ab-
sorption lines for o-quartz with 1-E| and 1-Vg coincide with
each other as shown in Fig. 6(a). From Figs. 6(b)-6(e), some
differences can be seen in the absorption spectra, when there
are two defects in o-quartz. However, the differences are mi-
nor enough. It suggests that shifting the neutral Vg into the Ef
center will make very little effect on the optical properties of
o-quartz.
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Fig. 6. (color online) Absorption spectra for the ¢¢-quartz with E{ centers: (a) 1-Vp, (b) 2a-Vp, (c) 2b1-Vo, (d) 2b,-Vo, and (e) 2b3-Vo.
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4. Summary and conclusions

According to the calculations, the number of neutral Vs,
as well as the type of 2-Vo (2a—Vo, 2b1-Vo, 20—V, and 2b3—
Vo), can affect the geometrical structrue of a-quartz. The
presence of E| center does not significantly change the vol-
ume of ¢¢-quartz with 1-Vp. However, when the higher defect
concentration is involved in ¢t-quartz, the influence of Ef cen-
ter becomes more significant.

There are evident variations in the positions of the four
bands of the DOSs upon the formation of the Vg center, al-
most all of them move toward the lower energy level. The
movement of the band in the conduction band results in the
reduction of the band gap. In addition, different types of 2-Vg
centers can lead to some differences in DOS, and the 2b,-Vp
center results in a noticeable decrease. However, a similarity
is also present as the curves of the DOSs for 26—V and 2b3—
Vo almost completely overlap. The above descriptions suggest
that the concentration and distribution of oxygen vacancies can
cause changes in the electronic structure of a-quartz. At the
same time, the similarity, which is observed in the DOSs be-
tween the configurations with E| center(s) and the correspond-
ing 2-Vo center, indicates that the presence of E{ center can
hardly affect the electronic structure.

Our calculations also show that the optical absorption
band widens with the formation of the Vp, and the absorp-
tion intensity becomes lower than that of the undefected a-
quartz. The changes indicate that the introduction of Vg can
remarkably influence the optical properties of a-quartz. When
the 2-V( center appears in the a-quartz, the dissimilarites and
similarities are also reflected in the absorption spectra, similar
to the case of DOSs. The results reveal that the concentration
and distribution of neutral oxygen vacancies can influence the

electronic structures and optical property of ¢-quartz.
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