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 A B S T R A C T

We present a theoretical study with focus on the transparency of silica glass (a-SiO2) in the ultraviolet light 
spectrum. All imperfections in the crystal structure can cause electronic subgap levels and thus increase the 
absorption of light. Therefore, we investigate a wide variety of defects and their respective electronic levels, 
like intrinsic point defects, defects connected to H2, O2 or H2O, and (inner) surfaces. Our calculations show 
that most subgap levels originating from stretched bonds, silane (SiH) or silanol (SiOH) groups concentrate in 
a range of 0–2 eV around the band edges. For an energy of ∼3.5 eV, like that of lasers in the controlled fusion 
ignition at the National Ignition Facility (NIF), these subgap levels do not cause absorption of such photons due 
to the large band gap ≥8 eV of a-SiO2. However, E’-centers (≡Si∙), non bridging oxygen hole centers (NBOHC, 
≡Si–O∙) and peroxy linkages (POL, ≡Si–O–O–Si≡) may act as possible source of absorption. The addition of 
hydrogen can reduce the number of those defect levels in the middle of the band gap by shifting them to the 
band edges.
1. Introduction

On December 5, 2022 a controlled ignition of a nuclear fusion 
reaction with a positive energy balance was demonstrated for the first 
time at the National Ignition Facility (NIF) in the USA. This important 
milestone on the road to inertial confinement fusion generated 3.1 
(±0.16) MJ of nuclear energy [1]. To drive the fusion reaction of a 
compressed fuel capsule, the NIF laser system (wavelength 351 nm), 
in conjunction with numerous optical components, delivered a highly 
precise pulse shape with 2.05 MJ laser energy. A key aspect of laser-
driven inertial confinement fusion concerns the finite laser-induced 
damage threshold of optical materials. The exposure of silica glass 
to intensive radiation of high energy leads to the degradation of its 
optical properties. Therefore, large-aperture lenses are used to achieve 
a distribution of the laser pulse energy over large cross-sections, using 
substrates made of high-purity materials with a large band gap like 
silica glass (a-SiO2) containing as few defects as possible.

There are numerous experimental and theoretical studies elucidat-
ing the creation and optical absorption of defects in a-SiO2 [2–21]. The 
review of Salh [22] offers a detailed and clear overview of possible 
defect types and proposed level schemes. Further summaries of the 
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main optical properties of point defects and impurities can be found 
in Skuja et al. [23] and Girard et al. [24].

The challenge of developing a comprehensive theoretical descrip-
tion is twofold. On the one hand, it is important to cover the variety of 
structural defects in a-SiO2 and, on the other hand, to apply a suitable 
modeling approach that allows a good description of the generated 
defect levels for this wide band gap material. The density functional 
theory (DFT) study of Szymanski et al. [7] on the effects of interstitial 
oxygen demonstrated the importance of taking into account the disor-
der of a-SiO2 and concluded that it is not sufficient to consider only 
single crystal models. Also Winkler et al. [9] showed how site-to-site 
disorder directly smears the electronic level structure using the example 
of peroxy linkages (POL, also called peroxy bridge, ≡Si–O–O–Si≡). 
From the analysis of eleven atomistic a-SiO2 structure models they 
derived a broad absorption band of range 3.2–7.5 eV for POLs using 
the GW quasiparticle approximation invented by Hedin [25–28]. This 
method yields a good description of wide band gap oxides but is com-
putationally demanding. Defect levels were also calculated by Donglin 
et al. [11] who used a computationally expensive hybrid exchange–
correlation functional [29] for the simulation of non-bridging oxygen 
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Fig. 1. (Color online) Atomistic models of a-SiO2 containing point defects: (a) complete supercell of model 3 (removal of the encircled O atom and subsequent 
structural relaxation creates an ODC(I)) defect (≡Si–Si≡), (b) 2- and 3-membered ring in model 6 (the highlighted atoms in light blue (Si) and orange (O)) cause 
∼85% of the subgap states (dashed blue line in Fig.  3), (c) miscoordinated Si atom: the four Si–O bonds are almost in one plane and not in tetrahedral orientation, 
(d) ODC+1H: silane group (Si-H) and E′-center (≡Si∙) and (e) ODC+2H: two silane groups. Si atoms are represented by big spheres in blue, green or light blue, 
where the latter two highlight Si atoms belonging to point defects. Oxygen atoms are shown by medium red spheres and hydrogen atoms by small yellow spheres.
defects and oxygen vacancy defects at the expense of studying only few 
defect realizations.

The main objective of our study is the analysis of defects in a-SiO2
and to identify those that cause optical absorption bands for photon en-
ergies of about 3.5 eV, which corresponds to the wavelength of the NIF 
laser [1]. By means of atomistic DFT simulations, we investigate various 
kinds of deviations from the perfectly stoichiometric and relaxed a-SiO2
network: strained bonds in small rings of size two or three, intrinsic 
point defects due to missing Si or O atoms, and additional H or O 
atoms. By creating 10 to 15 realizations for each of the considered non-
stoichiometric defects we end up with 114 supercell models (with up to 
327 atoms) for which we evaluated and analyzed the electronic density 
of states (DOS). Since the SiO2 glass used in the NIF experiments is 
exposed to photons and other elementary particles of high intensities 
and high energies, the formation of voids or pores inside the glass is 
likely. In order to model voids that are large compared to interatomic 
bond lengths, we consider supercell models with flat surfaces that have 
unsaturated bonds, silane (SiH), silanol (SiOH), or mixed termination.

The paper is organized as follows. In Section 2 we introduce the 
details of our computational approach. In Section 3 we present the 
electronic DOS of the aforementioned structural defects and compare 
the results to experimental and other theoretical studies. Furthermore, 
we discuss the relevance of the defect levels concerning the optical 
absorption in the range of UV light and possible methods to remove 
these defect levels. A summary in Section 4 concludes the paper.

2. Theoretical approach

2.1. Structure models

Our study is based on ten stoichiometric atomistic structure models 
of a-SiO2, each containing 50 Si and 100 O atoms, which we have taken 
from previous work [30]. The average density of our set of ten supercell 
models is 2.20 g/cm3 [31]. The cells have an approximately cuboidal 
shape and an edge length of ∼13 Å. Fig.  1(a) displays our model 3 as 
an example. The average supercell volume is 2274 Å3 with a standard 
deviation of 63 Å3. Thus our supercells sample regions of higher and 
lower density in a-SiO2. Our average Si–O bond length of 1.639 Å 
is 1.9% longer than the 1.608 ± 0.04 Å determined experimentally 
2 
by Grimley et al. [32]. For the O–Si–O bond angle, our 109.5◦ agree 
with the experimental value of 109.7◦ ±0.6◦ within the experimental 
uncertainty.

Five of our ten supercells contain a three-membered ring, mean-
ing a ring that contains three Si atoms connected by three O atoms 
(n-membered rings are denoted as n-rings in the following). In one 
supercell there is a two-membered ring which is also called 2-Bridging 
Oxygen Center [33].

Starting from these ten supercell models of a-SiO2 we have created 
intrinsic point defects by removing either individual Si or O atoms, 
and adding H atoms (15 models per case). Our approach thus creates 
pairs of Si dangling bonds (commonly denoted as E′-centers) when 
removing one O atom, and up to four non-bridging oxygen hole centers 
(commonly abbreviated by NBOHC) when removing one Si atom. By 
saturating all dangling bonds except one we can obtain individual 
E′-centers or NBOHC defects.

As final step, we performed structural relaxations in the framework 
of the DFT in order to optimize the atomic positions and cell parameters 
so that we minimize the total energy. We used the PWscf code of the 
Quantum Espresso software package [34,35] employing Standard Solid 
State Pseudopotentials (SSSP Efficiency version 1.3.0) [36,37] and the 
Perdew–Burke–Ernzerhof (PBE) [38] exchange–correlation functional. 
The wave functions of the valence electrons are represented by a plane-
waves basis set with a cutoff energy of 50 Ry (1 Rydberg ≈ 13, 606
eV), and the electron density and effective Kohn–Sham potential by 
discrete Fourier series with a cutoff energy of 400 Ry. Given the 
size of the supercells, the Brillouin zone was sampled at the Gamma 
point only. The convergence threshold was set to 10−3 Ry for the 
total energy and to 10−3 Ry/Bohr (1 Bohr ≈ 0.529 Å) for the forces 
on atoms. Elastic stresses and atomic forces were relaxed using the 
Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm.

For the calculation of point defects in crystalline 𝛼-quartz we have 
tripled the primitive unit cell in all three spatial directions. The ob-
tained supercell contains 243 atoms with dimensions of ∼15.0 × 13.0 
× 16.5 Å3.

For the determination of surface states we have doubled three 
of ten a-SiO2 model structures with 150 atoms in one direction and 
added an empty supercell of the same size. The cells have approxi-
mately rectangular shapes of three stacked cuboids with dimensions of 
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Fig. 2. (Color online) Atomistic models of (a) a silicon deficiency center (SiDC) which relaxed to two oxygen dangling bonds, also named non-bridging oxygen hole 
centers (NBOHCs, ≡Si–O∙), and one peroxy linkage (POL), (b) SiDC which formed two POLs, (c) surface supercell model with mixed SiH and SiOH termination, 
(d) a-SiO2 surface with SiH termination and (e) a-SiO2 surface with SiOH termination. Si atoms are represented by big spheres in dark blue, oxygen atoms by 
medium spheres in red and hydrogen atoms are shown by small yellow spheres. Atoms belonging to defects are highlighted in green or light blue.
∼13 × 13 × 39 Å3. The ∼13 Å  thick layer of empty space ensures 
that the two surfaces in the supercells do not interact with each other. 
For the surface termination we have chosen pure SiH, pure SiOH and 
mixed SiH/SiOH terminations (see Fig.  2). Furthermore, we have built 
surface models with single Si dangling bonds or NBOHCs by removing 
one H atom from SiOH or SiH groups at the surface. The supercell 
models contain 300–327 atoms. In the case of pure SiOH termination, 
our surface density of OH groups varies in a range of 4.6–5.8 nm−2

which fits well to the 4.9 nm−2 determined in experiments [39].
Since we have numerous supercell models with 300 or more atoms, 

we have opted for a fast and efficient approach for the calculation of 
the electronic DOS, which will be explained in the following subsection.

2.2. Electronic density of states

The most widely used DFT approximations for the exchange–
correlation potential are the local-density approximation (LDA) and 
the generalized gradient approximations (GGA). They describe many 
ground-state properties with good accuracy and reliability. However, 
in the case of wide band gap semiconductors the calculated electronic 
band gaps are significantly smaller than those from experiments (see 
e.g. Refs. [40–42]). The reason for these discrepancies are due to the 
lack of a discontinuity of the exchange–correlation potential for the 
single-particle excitation of an electron going from the valence band to 
the conduction band. Most methods developed for overcoming these 
limitations like, e.g., the GW quasiparticle approximation [25–28], 
hybrid functionals [43], or screened exchange LDA (SX-LDA) [44] in-
crease the computational costs significantly. Therefore, we have opted 
for the DFT-1/2 approach developed by Ferreira and coworkers [45]. 
Like the self-interaction-correction (SIC) [40,42,46], the DFT-1/2 self-
energy correction is incorporated in the pseudopotentials and thus 
requires no additional computational effort compared to LDA or GGA 
calculations.

For the determination of the electronic DOS we use the Vienna Ab 
Initio Simulation Package (VASP) [47,48]. Mao et al. [49] provide a 
3 
pseudopotential generation tool that creates DFT-1/2 corrected poten-
tials compatible to the DFT potentials of VASP. We used 𝛼-quartz SiO2
(space group P3221) for the adjustment procedure of the potentials of 
Si and O, which resulted in optimized cutoff radii CUT = 4.9 Bohr for 
silicon and CUT = 2.5 Bohr for oxygen, when using an exponent n = 8 
(see Ref. [45] for details on the adjustment procedure).

For all VASP calculations the Bloch waves of the valence elec-
trons are expanded in a plane-waves basis with a cutoff energy of 
520 eV and the interactions of the valence electrons and the ionic cores 
are included by projector-augmented-waves (PAW) potentials [50]. 
The exchange–correlation energy and potential are treated in GGA-
PBE [38]. For the k-point sampling of the Brillouin-zone integrals a 
Monkhorst–Pack mesh of 3 × 3 × 3 points was used. For the surface 
models the equivalent k-point density was obtained with a mesh of 
3 × 3 × 1. The Gaussian broadening was set to 0.1 eV. In the case 
of unpaired defect spins of E′-centers, NBOHCs and O2 molecules 
spin-polarized calculations were done.

3. Results and discussion

For the following analysis of the electronic DOS we set the valence 
band (VB) edge of 𝛼-quartz to 0 eV. All other results are aligned by the 
oxygen 2s levels, which lie deeply below the band gap at about −20 
eV to −17 eV. Since we discuss our results with respect to the possible 
absorption of UV light with photon energy of 3.5 eV, we have added 
arrows indicating selected possible transitions to some of the DOS plots 
for illustration.

3.1. Electronic DOS of defect free structures

The experimental band gap of 𝛼-quartz is 9.65 eV [51]. With our 
DFT-1/2-corrected pseudopotentials we obtained 9.05 eV. This value 
corresponds to the energy difference between the highest occupied 
energy level of the valence band and the lowest unoccupied energy 
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Fig. 3. (Color online) Electronic DOS of 𝛼-quartz and four a-SiO2 models 
partially containing small n-rings (𝑛 ≤ 3). The VB edge of 𝛼-quartz is set to 
0 eV. Model 9 contains a miscoordinated Si atom (sketched in Fig.  1c).

level of the conduction band. In the subsequent figures, the energy 
ranges of the valence and conduction bands in the DOS graphs are 
shaded in gray. Note, however, that the unshaded region of the band 
gap between the two band edges is slightly smaller than the 9.05 eV 
due to the Gaussian smearing of 0.1 eV of all energy levels.

Although we still underestimate the band gap by 0.6 eV, the DFT-
1/2 value is a considerable improvement compared to pure LDA (band 
gap 5.32 eV [52]) or our GGA-PBE value of 6.52 eV.

Fig.  3 compares the electronic DOS of four of our perfectly coor-
dinated a-SiO2 supercell models to the one of 𝛼-quartz. In all of these 
models, every Si atom has a fourfold coordination of O atoms, every O 
atom has a twofold coordination of Si atoms, and there is no additional 
H, O or H2O present. However, such amorphous structure may contain 
2-rings and 3-rings, which are sometimes also called defects (see e.g. 
Ref. [33]), although all their atoms are perfectly coordinated. Our 
model 8 contains one 3-ring and our model 6 has one 2-ring and one 
3-ring, which are direct neighbors (see Fig.  1b).

Model 3 without any rings of size 2 or 3 shows the least smearing 
of the band edges compared to single crystal 𝛼-quartz. Models 6 and 8 
have subgap states that reach up to ∼1 eV in the band gap. An analysis 
of the site-projected DOS shows that the atoms in such small rings and 
their next-nearest neighbor atoms have shifted energy levels due to the 
locally strained atomic arrangement. Model 9 does not have small rings 
but contains one Si atom with extremely deformed coordination Here, 
all four Si-O bonds almost lie in one plane (see Fig.  1c), which causes 
the subgap state at ∼7.6 eV. Thus not only small rings but also locally 
extreme arrangements for individual atoms can cause subgap states.

The smallest rings in model 3 are 4-rings. In the DOS they have 
the least deep levels. The main difference compared to the DOS of 𝛼-
quartz is the broadening of the conduction band (CB) tail by ∼0.5 eV. 
The band gaps of our defect-free a-SiO2 supercell models are ∼8.2 eV. A 
theoretical work of Winkler et al. using GW [9] yields 9.4 eV for defect-
free a-SiO2. These values are in the range of reported experimental 
values of 8.8 eV [53], 9.3 eV [54], and 11.5 eV [55]. The wide range 
of experimental values can be explained by different definitions and 
complications like the formation of excitons, presence of defects, and 
temperature-dependent Urbach tails (see e.g. Garvie et al. [56]).

Altogether, we conclude that defect levels introduced by strained 
bonds of perfectly coordinated Si or O atoms are negligible for the 
absorption of UV light of energy 3.5 eV since the band gap between 
occupied and empty states is at least 6.5 eV.

3.2. Electronic DOS of oxygen deficient point defects

We have taken the two defect-free structure models 3 and 7 as 
starting cases for the construction of the following point defects. By 
4 
the removal of one oxygen atom and subsequent structural relaxation 
we created 15 oxygen deficiency centers, named ODC(I) (see Fig.  1a). 
The ODC(I) defects give rise to an occupied defect band in the energy 
range 0.7–1.3 eV above the VB. The defect level of the corresponding 
oxygen vacancy in 𝛼-quartz lies at 1.1 eV (see green curve in Fig.  5) 
well within the energy range of the amorphous defect band.

Furthermore, ODC(I) defects cause empty states down to ∼1.2 eV 
below the CB edge (see green curve in Fig.  4), mainly localized at the 
two undercoordinated Si atoms (Si–Si distance in a-SiO2 is 2.443 (±
0.101) Å, and in 𝛼-quartz 2.446 Å). The respective unoccupied defect 
levels of oxygen vacancies in 𝛼-quartz do not lie in the band gap but at 
the CB edge (see green curve in Fig.  5).

By the addition of two H atoms to an ODC(I) defect, two silane 
groups are formed (see Fig.  1e). The empty states of the ODC(I) defects 
in a-SiO2 can thereby be removed and occupied levels up to 2.5 eV 
appear above the VB (see ODC(I) + 2H, dashed orange curve in Fig. 
4). For the oxygen vacancy in 𝛼-quartz, two occupied levels at 0.7 and 
2.6 eV appear (see Fig.  5).

The addition of only one H atom to the ODC(I) defect yields one 
Si atom with only three oxygen neighbors (i.e. an E′-center) and one 
silanol group (depicted in Fig.  1d) after subsequent relaxation. Our set 
of E′-centers caused occupied levels in the range of 3.9–5.4 eV and 
unoccupied levels in the range of 6.2–7.4 eV. The occupied defect states 
localized at the E′-centers are relevant for the absorption of UV light 
since they are separated from the unoccupied levels at the bottom of 
the CB by around 3.5 eV (see red curve in Fig.  4).

By the addition of a H atom to an E′-center a silane group is formed 
and thus the absorption of light with 3.5 eV photon energy is no longer 
possible. Experimentally, oxygen vacancies were observed by Kajihara 
et al. [21] in crystalline and glassy SiO2 with nearly similar optical 
absorption bands at 7.6 eV. Also earlier experimental work of Imai 
et al. [18] and Hosono et al. [19] on as-grown a-SiO2 films ascribed 
an absorption band at 7.6 eV to the neutral ODC(I). Our calculated 
unoccupied levels for ODC(I) defects and E′-centers are thus consistent 
with their assignment when taking into account the ∼0.6 eV too low 
CB edge of our approach.

According to the theoretical work of Robertson [3] silane groups 
produce a filled 𝑠-state just below the VB and an empty 𝜎∗-state in 
the gap just below the CB. Experimentally, Skuja et al. [20] reported 
a small probability of photolysis of silane groups using a F2 laser with 
an energy of 7.9 eV. Our range of occupied levels from 0 to 2.5 eV 
above the VB for silane groups makes an absorption of 7.9 eV UV light 
conceivable.

3.3. Electronic DOS of silicon deficient point defects

We created 15 silicon deficient centers (abbreviated SiDC in the 
following, in analogy to ODC) by the removal of one silicon atom from 
our defect-free a-SiO2 structure models and subsequent relaxation. In 
about half of the cases we obtained two oxygen atoms with dangling 
bonds (≡Si–O∙) and one peroxy linkage (≡Si–O–O–Si≡). An example 
of such a structure is shown in Fig.  2(a). In Fig.  6 the DOS of a typical 
case is depicted, in which two oxygen atoms with dangling bonds cause 
unoccupied defect levels at ∼1.6 eV above the VB (red curve). The 
range of the defect levels connected to our NBOHCs is given in Table 
1.

According to experiments [14–16], an oxygen dangling bond is 
a paramagnetic defect that may give a significant contribution to 
radiation-induced optical absorption in high purity silica in the visible 
and UV light. There are three major optical absorptions bands at 1.97, 
4.8 and 6.8 eV (see e.g. Table 1 in Ref. [14]) assigned to NBOHC 
defects. Hosono et al. reported an intense optical absorption band 
centered at 6.8 eV with a fullwidth at half maximum (FWHM) of 
1.76 eV. This broad optical absorption may be connected to excitations 
of electrons from the occupied defect levels we found in the range from 
0 to 1.6 eV to the CB edge. The observed weak absorption at 1.97 eV 
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Table 1
Comparison of defect levels in the band gap of a-SiO2 and 𝛼-quartz. Energies are given in eV relative to the VB of defect-free 
a-SiO2 and 𝛼-quartz.
 a-SiO2 Occupied Unoccupied 𝛼-quartz Occupied Unoccupied 
 ODC(I) (≡Si–Si≡) 0.7–1.3 7.0–CB O vacancy 1.1 at CB edge  
 E’-center (≡Si∙) 3.9–5.4 6.2–7.4 E′-center 5.9 7.4  
 SiDC: NBOHC (≡Si–O∙) 0.0–1.6 0.4–2.1 NBOHC 0.0–1.0 1.0–1.2  
 SiDC: POL (≡Si–O–O–Si≡) 0.2–2.2 4.5–6.5 Si vacancy (2 POL) 1.0, 1.3, 1.7 5.2  
 Silane group (≡Si–H) 0.0–2.5a at CB edge Silane group 0.7, 2.6 at CB edge  
 Silanol group (≡Si–O–H) 0.4b–2.0 7.8 to CB Silanol group 0.6, 1.3 8.0 to CB  
a For surface models silane levels up to ∼3 eV were found.
b For surface models silanol levels down to ∼0 eV were found (see Section 3.5).
Fig. 4. (Color online) Electronic DOS of defect-free a-SiO2 (Model 3) com-
pared to that of an ODC(I) defect with different amounts of hydrogen, 
generated from this structure model. The ODC(I) defects cause occupied defect 
up to 1.2 eV above the VB and empty states down to –1 eV below the CB. 
Adding one H atom creates a silane group (occupied levels above the VB) and 
a E′-center with defect levels in the upper half. Adding two H atoms to an 
ODC(I) leads to levels above the VB which are localized at the two formed 
Si-H groups.

Fig. 5. (Color online) Electronic DOS of defect-free 𝛼-quartz and an oxygen 
vacancy (O𝑣𝑎𝑐) with different amounts of hydrogen. The oxygen vacancy in 𝛼-
quartz causes a defect level 1.1 eV above the VB. Adding one H atom creates a 
silane group (occupied levels above the VB) and a E′-center with defect levels 
in the upper half, which can cause absorption of UV light of 3.5 eV energy. 
Adding two H atoms leads to Si–H groups with levels ∼2.5 eV above the VB 
and thus avoids absorption.

(FWHM of 0.17 eV) [15] may be connected to excitation from the VB 
to our unoccupied levels in the range from 0.4 eV to 2.1 eV above the 
VB. In 𝛼-quartz we find the unoccupied NBOHC levels between 1.0 and 
1.2 eV (see red curve in Fig.  7).
5 
Fig. 6. (Color online) Spin-resolved electronic DOS of defect-free a-SiO2
(Model 3) and two typical SiDC models in a-SiO2. SiDC defects can cause 
unoccupied defect levels (NBOHC) which are relevant for UV absorption (here 
at ∼1.6 eV, see vertical red dashed line). The addition of hydrogen reduces 
the number of NBOHC defects forming lower lying silanol groups. If a SiDC 
turns into two POLs there are no unoccupied levels above the VB but electrons 
can be lifted to the unoccupied levels in the upper half of the band gap (blue 
curve).

Fig. 7. (Color online) Electronic DOS of defect-free 𝛼-quartz, a silicon vacancy 
(Si𝑣𝑎𝑐) recombined to two POL, and with 3 H atoms added, which corresponds 
to one NBOHC and three silanol groups. Like in the case of a-SiO2, POL and 
NBOHC defects can cause absorption of UV light of 3.5 eV energy.

For the strong absorption band at 4.8 eV (FWHM of 1.07 eV) we 
do not find an excitation paths in our results. This might be due to the 
fact that our models do not represent all possible realizations of NBOHC 
defects. For instance, NBOHCs in isolated form cannot be modeled well 
within the rather small size of the supercell models limited by the 
computational resources for the DFT calculations.
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Seven of the 15 relaxed SiDC defects resulted in pairs of peroxy 
linkages (c.f. Fig.  2b). This defect complex does not have low lying 
unoccupied states above the VB edge (c.f. blue curve in Fig.  6). How-
ever, the energy difference between the occupied gap states and the 
unoccupied gap states is less than 3.5 eV, and thus also peroxy bridges 
may cause UV absorption. The variety of energy ranges of the defect 
levels is given in Table  1.

The removal of a silicon atom in 𝛼-quartz and subsequent relaxation 
(silicon vacancy in 𝛼-quartz) has lead to two POLs which cause three 
occupied defect levels at 1.0, 1.3 and 1.7 eV, and an unoccupied level 
at 5.2 eV, lying within the bands obtained for the POLs in a-SiO2 (see 
Fig.  7).

Calculations of O‘Reilly and Robertson [2] already suggested that 
peroxy linkages are the lowest energy configuration for interstitial 
oxygen in a-SiO2. There are numerous theoretical results for the optical 
absorption bands of POLs: 4.4(0.1) eV [6], 5.5 eV [5], 6.5(0.3) eV [4], 
and 8.6 eV [2]. Our results coincide mostly with the recent work 
of Winkler et al. (absorption band ranging from 3.2 to 7.5 eV) [9]. 
Excitations from the occupied defect levels above the VB edge to empty 
levels between 4.5 to 6.5 eV are possible with at least 3.3 eV, and 
excitations directly into the CB require up to about 7 eV.

The addition of hydrogen can saturate the dangling oxygen bonds, 
and silanol groups are formed. For our a-SiO2 models we found occu-
pied defect levels in the range 0–2 eV above the VB edge. Excitations 
from the occupied levels to the CB require at least 7 eV energy.

Experimentally, Vella et al. [13] attributed a peak between ∼7.5 eV 
and ∼8.1 eV to the absorption of the Si–OH group, which fits well to 
the occupied levels between 0.4 eV and 2 eV above the VB found in 
our calculations, because energies of 7 to 8 eV are needed to excite 
electrons from these low lying states to the lower tail of the CB of a-
SiO2. Thus hydrogen doping can reduce the UV absorption in this case. 
That is why hydrogen loading is efficient for radiation hardening [57] 
(see also Ref. [24] and references therein).

Note that with our present study of the electronic structure of 
statically relaxed configurations of defect complexes in amorphous 
structures we cannot answer the question to what extent hydrogen 
can break peroxy bridges and what temperatures are necessary for this 
process. This may be the topic of a future study on the kinetics of the 
formation or healing of defect complexes in a-SiO2.

3.4. Electronic DOS of interstitial molecules in a-SiO2 voids

Apart from the defects discussed in the previous subsections, also 
small interstitial molecules may be present in the amorphous network 
and influence the electronic structure. Experiments have shown an 
increase in the intensity of the absorption bands of molecules compared 
to the gas phase [58,59] which is explained by the confinement of 
the excited-state wave functions by the SiO2 network, which causes an 
increased overlap with the ground-state wave function [60].

We have put H2, O2 and H2O molecules in small (diameter ≤6 Å), 
medium (diameter ∼8 Å) and large voids (diameter ≥10 Å) inside 
amorphous silica networks, either close to the centers or close to the 
surface of these voids. In all considered cases, O2 and H2 never bind 
to the a-SiO2 network. The energy of the defect levels of O2 molecules 
increase with the size of the void (compare red and green curves in Fig. 
8).

The peaks below the dashed lines in Fig.  8 refer to energy levels 
filled with single electrons for the blue, green and yellow curves and 
to degenerate energy levels filled with two electrons for the red curve. 
Therefore, for O2 molecules inside SiO2 voids the highest two one-
electron states are either spin up (red curve) or spin down (green curve) 
forming together the electron-pair triplet state. The level splitting in 
smaller voids can be explained by the non-spherical shape of the voids. 
The resulting reduced energy distance of occupied and unoccupied lev-
els may contribute to the observed redshift of the optical UV absorption 
observed in experiments [58].
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Fig. 8. (Color online) Spin-resolved electronic DOS of defect-free a-SiO2
(Model 3), H2O attached by H-bridges to the a-SiO2 network or unattached. 
O2 molecules do not bind to the a-SiO2 network. In small voids their subgap 
levels are lower than in big voids.

Fig. 9. (Color online) Electronic DOS of bulk a-SiO2 (Model 3), an amorphous 
sample containing two surfaces with OH termination, where at one position 
the H atom is removed which leads to an E′-center, and a surface model with 
SiH termination, where one missing H leads to a NBOHC. Like in bulk a-SiO2
the silanol groups at the surface cause subgap states up to 2 eV above the VB. 
For the silane groups deeper levels up to about 3 eV above the VB were found. 
The NBOHC causes empty states at about 1.5 eV above the VB (highlighted in 
red) which may cause absorption. The occupied states of E′-center are located 
in the middle of the band gap.

By relaxation, some of the H2O molecules got attached by H-bridges 
to the a-SiO2 network. They give rise to low lying levels above the 
VB edge. This is qualitatively consistent experiments where the UV 
absorption band of interstitial H2O is blue-shifted compared to H2O 
in gas phase [58]. Unbound H2O molecules result in higher levels for 
which absorption of 3.5 eV energy may be possible (see blue curve in 
Fig.  8) in case that there is a sufficient overlap of wave functions of the 
initial and final states.

3.5. Electronic DOS of surfaces states

This section is dedicated to surface states at flat outer surfaces which 
may appear also at inner surfaces of large voids that can be created by 
intensive application of energy. Note that our surface model systems 
do not take into account stress fields and chemical potential fields 
introduced during polishing or contamination with other elements.

In the previous sections we discussed defect levels connected to 
H and OH in bulk a-SiO  and showed that the addition of hydrogen 
2
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Fig. 10. (Color online) Schematic summary of the electronic DOS of 𝛼-quartz (black dashed line), defect-free a-SiO2 (black solid line) and various defect bands. 
Energy values are given relative to VB and CB of defect-free a-SiO2. Levels in the lower half of the band gap are mostly occupied. The only exceptions are levels 
of silicon or oxygen atoms with dangling bonds (e.g. part of SiDC).
moves subgap levels caused by dangling bonds to the band edges. This 
situation is similar for surfaces with silane or silanol termination, as can 
be seen in Fig.  9. The positions of defect levels due to silanol groups at 
the surface are similar to the those in bulk a-SiO2 distributed from 0 to 
about 2 eV above the VB edge. We obtained defect levels up to about 
3 eV for the silane groups at surfaces which is 0.5 eV higher than for 
bulk a-SiO2. A structural analysis revealed that the levels higher than 
2.5 eV originate from surface Si atoms which are saturated with two 
H atoms (see Fig.  2d). Similarly, two OH groups bound to the same 
Si (shown in Fig.  2e) cause higher levels up to 2 eV than single OH 
groups. However, for defects like SiDC + 4H in bulk a-SiO2, forming 
four silanol groups, we have also found levels up to 2 eV.

For mixed silane/silanol termination (not shown) the distribution 
of subgap levels is a combination of rather shallow lying silanol levels 
and rather deep lying silane levels in the range 0–3 eV.

Individual E′-centers and NBOHCs at the surface of our models 
caused occupied and unoccupied levels that lie in the same energy 
ranges as in the bulk models.

If the highest occupied level of an E′-center is high enough (c.f. 
red curve in Fig.  4), absorption of 3.5 eV light is possible. In the case 
of the E′-center shown in Fig.  9 (orange curve), the energies of the 
highest occupied levels are too low. Thus, according to our calculations, 
E′-centers in bulk a-SiO2 are possible with energy levels, that allow 
absorption of light of 3.5 eV photon energy. However, we cannot 
quantify whether the concentration of such E′-centers could be high 
enough for leading to a significant feature in an absorption spectrum.

In contrast, according to our calculations, NBOHC with their low 
lying unoccupied states may always absorb photons of 3.5 eV (see e.g. 
red curve in Fig.  9), which is an experimentally established fact (see 
e.g. Skuja et al. [16]).

Dangling bonds at outer or inner surfaces need to be avoided 
for a good transparency of silica glass because otherwise multiple 
absorption processes arise. The occupied silanol/silane defect levels are 
unproblematic as long as empty defect states nearby lie higher than 
∼7 eV.

4. Summary and conclusions

We have constructed a set of atomistic structure models of a-SiO2
containing various defects: single atoms in a distorted neighborhood 
(like e.g. the miscoordinated Si atom shown in Fig.  1c), 2- and 3-rings, 
oxygen and silicon deficiencies without or with varying numbers of 
attached H atoms, surfaces with SiH, SiOH or mixed termination, and 
dangling bonds at Si or O atoms. For all these defects we have evaluated 
the electronic DOS by DFT-1/2 calculations. For comparison, we have 
constructed atomistic models of 𝛼-quartz containing the corresponding 
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Si and O vacancies plus different numbers of attached H atoms. In 
summary, the defect levels in a-SiO2 always lie in the same energy 
range as the respective defect levels of the 𝛼-quartz.

We summarize the obtained variety of defect bands in a schematic 
sketch in Fig.  10. Shallow defect levels at the VB and CB edges stem 
from Si and O atoms which are fourfold or twofold coordinated, respec-
tively, but the lengths and angles of their bonds to the next neighbors 
deviate significantly from the single crystal values (see bands marked as 
1 and 2 in Fig.  10). The defect levels due to local oxygen deficiencies 
(ODC(I)) spread ∼1.3 eV above the VB and ∼ − 1.2 eV below the CB 
(bands 3 and 4 in Fig.  10). The addition of H atoms to ODC(I) defects 
saturates the dangling bonds at Si atoms and silane groups are formed 
(band 7). In bulk a-SiO2, levels of silane groups appeared up to ∼2.2 eV. 
For our surface models, levels of silane groups were found up to ∼3 eV.

Local Si deficiencies relaxed to two POLs causing occupied defects 
levels up to ∼2.2 eV above the VB edge (band 5) and deep lying empty 
levels (band 6). These bands are relevant for absorption of laser light 
with a photon energy of 3.5 eV. Relevant absorption bands were created 
in the case when silicon deficiency centers did not form POLs but 
NBOHCs (dangling O atoms). In Fig.  10 the unoccupied levels which 
can be filled by electrons from the VB range from 0.4–2.1 eV (band 9a). 
The addition of hydrogen to SiDCs creates silanol groups. As a result, 
all empty states are removed and a defect band up to ∼2 eV above the 
VB edge remains (band 8).

Threefold coordinated Si atoms (E′-centers) lead to occupied defect 
states in the range of 3.9–5.4 eV (band 9b) and unoccupied defect 
states in the range of 6.2–7.4 eV (band 9c). The former levels can 
cause absorption of ∼3.5 eV photons. By the addition of H atoms, silane 
groups are formed which closes this absorption channel since occupied 
levels below 2.5 eV are formed.

However, only partial saturation of ODC(I) and SiDC with hydrogen 
creates E′-centers and NBOHC which cause absorption of light with 
energy 3.5 eV.

Intercalated H2, O2 and H2O molecules lead to occupied levels 
in the lower half of the band gap and unoccupied levels. For H2O 
molecules we expect a possibility of weak absorption of photons with 
energy 3.5 eV.
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