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1. Introduction

Electron and hole localization in disordered solids is funda-
mental for many applications. However, strong localization in 
complex 3D systems is material specific and difficult to elu-
cidate, as has been demonstrated by recent studies of a wide 
range of materials, such as feldspar [1], semiconducting poly-
mers [2], olivine phosphates [3], and porous amorphous water 
ice [4]. Electron and hole localization in disordered oxides 
is particularly important for many applications, such as reli-
ability and radiation stability of microelectronic devices, for-
mation processes in resistive memory devices, performance 
of optical fibres, and luminescence dating, to mention a few. 
Amorphous silica (a-SiO2) is a classic disordered oxide 
which, although studied for decades, still puzzles researchers. 
It has been demonstrated, both experimentally [5, 6] and theo-
retically [7, 8], that holes can trap at intrinsic network sites in 
irradiated a-SiO2 forming self-trapped holes (STH) which are 

stable below 180 K. However, there is no clear understanding 
of the whereabouts of their corresponding electrons, which 
are often assumed to be trapped by impurities (e.g. Ge, Al) or 
at other defect sites.

Unambiguously identifying all sites responsible for elec-
tron trapping in a-SiO2 has proved particularly challenging 
because of a large number of possible charge redistribution 
channels and the presence of water and impurities in most 
samples. In fact, there are numerous unexplained examples of 
electron trapping resulting from electron injection into a-SiO2 
in Si/SiO2 devices at room temperature, some of which are 
attributed to pre-existing defects [9–14]. On the other hand, 
recent calculations predict that an extra electron can localize 
in non-defective a-SiO2 networks accompanied by a strong 
local distortion of a SiO4 tetrahedron [15, 16]. Unusually, 
these very deep, strongly localized intrinsic electron states are 
formed in a material with a low (3.9) static dielectric constant. 
Moreover, similar electron localization is predicted to occur 
in crystalline quartz, albeit with much higher barriers than for 
glass. The disordered glass structure was shown to contain 
structural (so-called precursor) sites which favour electron 
localization. Despite these theoretical results, unambiguous 
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experimental evidence of intrinsic electron trapping in a-SiO2 
is still missing.

In this paper we measure and analyse the optical absorp-
tion spectra of three different silica glass samples irradiated at 
80 K, where trapped electrons could co-exist with self-trapped 
holes, and use theoretical calculations to suggest that these 
spectra contain a signature of intrinsic electron traps.

2. Experimental observations

Three different, high-purity a-SiO2 samples were used in 
this study to differentiate the results that are specific to only 
a given sample from those that are common to all samples. 
These include Suprasil W1 (SW1), Viosil-SCF (SCF), and 
Viosil-SZ (SZ); all fabricated by Shin-Etsu Quartz, LTD. SW1 
has less than a few ppm of OH ions, but includes a consider-
able amount of dissolved O2. SZ includes almost no chemical 
impurities—concentrations of both Cl and OH ions are less 
than 1 ppm—however, it includes 500 ppm of oxygen defi-
ciency (so called ODC(I)) centres that exhibit a strong absorp-
tion peak at 7.6 eV and its fundamental absorption edge was 
measured at 8.0 eV. On the other hand, SCF has no Cl ions 
(less than 1 ppm), but includes about 1000 ppm of OH ions. 
All samples were cut and polished to a size of × ×8 10 1 mm 
and irradiated with electron beams (1 MeV, 20 ns duration) 
generated from a Febetron (HP43710A) at 80 K. The optical 
absorption spectra were measured after the irradiation using a 
spectrophotometer (Shimazu UV-3100). A Xe-arc lamp was 
used as the light source for optical excitation of the irradiated 
specimens. Red light with a wavelength range from 600 to 
780 nm, and UV light with a peak at 320 nm (3.87 eV) and a 
band pass of 10 nm was generated by combining appropriate 
optical filters.

The black curve in figure 1(a) shows the optical absorp-
tion spectrum induced by the electron irradiation at 80 K in 
the SZ sample. Several peaks are clearly distinguishable. 
The lowest-energy peak at 2.2 eV has been attributed to self-
trapped holes with two-centre type configurations (STH2) 
[17]. The peaks at 5.1 and 5.7 eV are associated with B2 and 
E′ centres (3-coordinated Si dangling bond), respectively. We 
note that the origin of the absorption bands around 4.5–5.0 eV 
depends critically on the samples employed. In fact, in the 
SZ sample with a significant amount of ODC(I), the domi-
nant contribution comes from the B2 centre (see figure 1(a)). 
In the SCF sample, which includes OH ions, non-bridging 
oxygen hole centres, which show an absorption peak at 
4.8 eV, are the dominant contributor, while in SW1, which 
includes dissolved oxygen, the ozone centres contribute pri-
marily at 4.8 eV. These are typical examples of specimen-
dependent features of absorption bands. On the other hand, 
the peak with a maximum at 3.7 eV is an, as yet, unattributed 
band, which is commonly generated in a-SiO2 samples irradi-
ated and measured at low temperatures and thus is not related 
to specific pre-existing atomistic defects in a-SiO2 network. 
The strong absorption peaking at >6.5 eV is usually attributed 
to ODC(II) or B2 centres [18]. We note that similar peaks 
with almost the same heights have been generated in SW1 

and SCF samples, which contain almost no oxygen vacancies 
(see figure 2 in [17]).

To reveal the origin of the 3.7 eV band, we measured its 
growth kinetics as a function of electron dose. In figure  2, 
the growth characteristics of the E′ centres (5.7 eV), STH2 
(2.2 eV), and the 3.7 eV absorption band are shown. The yield 
of E′ centres increases linearly with the dose, while those 
of the STH2 and the unattributed centre are strongly corre-
lated and show a tendency to saturate at doses greater than  
≈1.5 × 105 Gy, indicating that the STH2 and 3.7 eV peak grow 
concurrently. One of the reasons for saturation could be that 
the number of precursor sites for trapped holes is limited and 
smaller than the number of oxygen vacancies in SZ samples.

The thermal stability of the defects responsible for the 
optical absorption spectrum in figure 1(a) was studied by a 
pulse annealing method. The red line in figure  1(a) shows 
the absorption spectrum after warming the irradiated sample 
up to 186 K (at which STHs are mobile) for 5 min, followed 
by an absorption measurement at 80 K. One can see that the 
peaks at 2.2 and 3.7 eV are completely annealed out, which is 
also demonstrated by the blue curve showing the difference 

Figure 1. (a) Optical absorption spectra of electron-irradiated 
a-SiO2(SZ). The black curve was recorded at 80 K after electron 
irradiation. The red curve was recorded at 80 K after anneal at 
186 K. The blue curve is the difference between the black and 
red curves, revealing the absorption components due to centres 
annihilated during anneal. (b) and (c) show the difference spectra 
between the absorption bands of electron-irradiated a-SiO2 and 
those after selective excitation: (b) by red light (600–780 nm) and 
(c) by UV light ( ±320 10 nm). The difference spectra are de-
convoluted into the absorption bands due to STH2 (thin blue solid 
curve at 2.2 eV), a 3.7 eV band (thick solid curve), and the rest of 
the spectrum (solid green curve), which are decomposed further 
into a 4.7 eV band (thin red curve), the E′ centre band (broken curve 
centred at 5.8 eV) and the 6.6 eV band (thin solid curve).

J. Phys.: Condens. Matter 27 (2015) 265501
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between the initial low temperature electron irradiation and 
the post-anneal spectra. This data again supports the notion 
that the STH2 and 3.7 eV peaks are strongly correlated. We 
note that the absorption bands with energies above 4.5 eV, 
mostly due to B2 and E′ centres, are significantly reduced 
after annealing at 186 K. These are characteristic features of 
low-temperature irradiated glass samples, as B2 and E′ cen-
tres themselves are thermally stable even at 300 K.

Optical bleaching experiments at 80 K can shed more light 
on the origins of these absorption spectra by releasing trapped 
holes and electrons back into valence and conduction bands, 
respectively, as a result of selective excitation. Figure  1(b) 
exhibits a difference spectrum of the sample before and after 
bleaching by red light (600–780 nm), which selectively excites 
only STH2. This excitation results in a significant depletion 
of the 3.7 eV band, as well as other higher energy bands. 
Interestingly, the B2 band is little affected by the excitation, 
although a substantial amount of the E′ band is bleached. 
Similarly, figure  1(c) shows the spectral components after 
selective excitation by UV light ( ±320 10 nm). The excitation 
in the 3.7 eV band also results in a high degree of bleaching of 
the 2.2 eV band and some of the higher energy bands including 
that of the E′ centre, although the B2 band is again little 
affected. Figures 1(b) and (c) also demonstrate that the decay 
of the 3.7 eV band is always associated with the decay of the 
spectral components around 4.7 eV and above 6 eV. This fea-
ture is characteristic to all samples studied in this work, regard-
less of the differences in composition of the a-SiO2 network.

The ratio between the STH2 band and the 3.7 eV band 
changes differently in the two photo-bleaching events, dem-
onstrating that they are indeed associated with different cen-
tres. The fact that their creation and annihilation are strongly 
correlated leads us to suggest that the centre giving rise to 
the 3.7 eV absorption band is likely to be an electron partner 
of STH2 created by the electron irradiation. It is known that 
electrons can trap on pre-existing oxygen vacancies [19], 
impurities, or at intrinsic network sites in a-SiO2 [16]. The 
calculated position of the maximum of the optical absorption 

of negatively charged oxygen vacancies is at about 3.3 eV [19] 
and they can contribute to the 3.7 eV absorption in SZ sam-
ples which include a considerable amount of oxygen vacan-
cies. Some oxygen excess silica samples exhibit a relatively 
weak absorption band at 3.8 eV. This band had initially been 
attributed to peroxy linkages, but was later shown to be due to 
interstitial Cl2 molecules [20]. However, as noted above, the 
3.7 eV band is induced in all of the SW1, SZ and SCF samples 
regardless of whether they include dissolved oxygen, OH ions 
or pre-existing oxygen vacancies. Therefore, we can exclude 
these defects from being the source of the 3.7 eV band in this 
study. The remaining candidate is an electron trapped by the 
amorphous SiO2 network [16].

3. Theoretical calculations

To further investigate the atomistic origins of the 3.7 eV and 
other absorption bands in figure 1, we calculated the optical 
transitions of intrinsic electron trapping centres in a-SiO2 
using an embedded cluster method implemented in the GUESS 
code [21]. The effect of structural disorder in glass samples on 
inhomogeneous broadening of absorption spectra is included 
by using seven independent models of a-SiO2. These were 
produced using the ReaxFF forcefield [22] and molecular 
dynamics simulations to melt samples of crystalline β-cristo-
balite at 5000 K and then quench them to 0 K. This procedure 
is explained in detail in a previous publication [16].

These models were then adapted for use in an embedded 
cluster model where each a-SiO2 matrix was represented as 
a spherical nanocluster divided into two regions—I and II. 
Region I is located in the centre of the nanocluster and is fur-
ther subdivided into three concentric regions of different phys-
ical descriptions. The centre of region I consists of a cluster of 
atoms which are treated using density functional theory (DFT) 
implemented in the Gaussian09 code. The Si and Ge atoms 
are described with a 6-31G* basis set and the O atoms with a 
6-31G basis set. The outer section of region I is described by a 
core-shell variant of the classical BKS potential [23]. The cen-
tral quantum region is interfaced with the outer classical ions 
by embedding pseudopotentials [23, 24]. The outer region II 
is composed of non-polarizable ions which are fixed in perfect 
lattice sites and interact with ions in region I by the classical 
BKS potential, which does not include shells [25]. All atoms 
in region I are allowed to relax during geometry optimizations 
to provide the atomic structure of the electron traps.

We used a hybrid BxLYP functional with =x 32.5% 
exchange, which provides a better band description than the 
B3LYP functional [26] and improves the linearity of the func-
tional [27]. The optical absorption spectra of the electron traps 
were then calculated using the time-dependent DFT (TDDFT) 
method [28], as implemented in the Gaussian09 code.

3.1. Optical absorption of the Ge electron centre

To test whether this method provides an accurate description 
of the optical absorption spectrum of localized electron cen-
tres in SiO2, we calculated the optical absorption spectrum of 

Figure 2. Growth kinetics of the optical absorption bands of 
electron irradiated a-SiO2 measured at 80 K. The 2.21 eV and 
3.70 eV peaks show a trend to saturate at a dose greater than 

×1.5 105 Gy.
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the well-known Ge electron centre (GEC) in α-quartz, which 
has a similar structure to the electron trap considered here 
[16]. It is responsible for the Ge(I) EPR signal [29]. This 
signal strongly correlates with an optical absorption band at 
4.2 eV, which is now universally attributed to this centre [17, 
30–32]. Optical absorption spectra of Ge-doped SiO2 include 
additional bands that peak at  ≈5.8 eV and higher energies, 
which have also been tentatively assigned to GEC [33].

The quantum cluster containing 72 atoms and representing 
the α-quartz structure was embedded in the rest of the crystal 
as described above. A single Si atom at the centre of the 
quantum cluster was substituted for a Ge atom and the geom-
etry of the system was optimized in the neutral charge state. 
The relaxation resulted in an extension of the Ge–O bonds 
to 1.72 Å compared to the Si–O bonds (1.64 Å) in α-quartz; 
however, the GeO4 tetrahedron remains intact. The calculated 
band gap of the system is 7.2 eV with a Ge unoccupied state 
located just below the conduction band and strongly localized 
on the Ge atom.

An extra electron was then added to the system followed 
by full geometry optimization. This resulted in a strong local 
relaxation, where the O–Ge–O angle opened from 109° up to 
148° and the extra electron highly localized on the Ge atom, 
as shown in figure 3(a). The Ge–O bond lengths extend asym-
metrically, so that two bonds measure 1.83 Å while the other 
two bonds measure 1.87 Å. This defect introduces an occu-
pied electron state which sits 5.0 eV below the α quartz con-
duction band.

The optical transition energies and oscillator strengths of 
the Ge electron trap in α quartz were then calculated using 
TDDFT. The obtained optical absorption spectrum is plotted 
as a solid black line in figure 3(b) along with the experimental 
spectrum which is plotted as a dashed black line. The experi-
mental spectrum was obtained by by 1 MeV electron irradiation 

of Ge-doped α-quartz at 6 K followed by a measurement, also 
performed at 6 K. The 4.2 eV band can clearly be seen and this 
is the band that has been attributed to the GEC, while there is 
another band at 2.2 eV for the GEC’s hole counterpart which is 
not considered in the calculation. The bar plot shows all calcu-
lated one-electron transitions. Each absorption line is Gaussian 
broadened by 0.3 eV in order to simulate homogeneous broad-
ening. The total spectrum shown by the black line is a sum of 
broadened excitation energies, weighted by their respective 
oscillator strengths. The optical transitions can be categorised 
into two types. The transitions of the first type are highlighted as 
red bars while those of the second type are highlighted as blue 
bars. The first type is caused by transitions of the unpaired elec-
tron localized on the wide O–Ge–O angle into quasi-local states 
at the bottom of the a-SiO2 conduction band (see also transition 
1 in the inset of figure 4(b)). It exhibits a peak with a maximum 
at 4.2 eV, in excellent agreement with experiment. The second 
type is due to transitions of a β-spin electron from the occupied 
non-bonding oxygen ‘p’ orbitals, which have broken away from 
the top of the a-SiO2 valence band due to the structural distor-
tion introduced by the defect, to the unoccupied state which is 
localized on the wide O–Ge–O angle (see also transition 2 in 
the inset of figure 4(b)). They comprise 2 peaks with maxima at 
around 5.8 eV and 7.1 eV. The O ‘p’ states, which split from the 
top of the valence band, are localized around the wide O–Ge–O 
angle, similar to the O ‘p’ states of the nearest O neighbours 
highlighted in figure 3(a). The 5.8 eV peak agrees very well with 
the band recently assigned to the GEC in a-SiO2 [33].

3.2. Optical absorption of the electron trapping centre

As has been shown in previous calculations [16], extra elec-
trons can trap at certain (precursor) sites in amorphous SiO2 
networks without a barrier. These sites are characterized by 

Figure 3. (a) Atomic structure and spin density of GEC in α quartz. The GeO4 tetrahedron is highlighted, where the pink ball is Ge, the 
Si atoms are yellow balls, the O atoms are red balls and the spin density is the blue polyhedron. (b) Simulated and experimental optical 
absorption spectrum of the Ge electron trap in α quartz. The left y-axis is the calculated oscillator strength while the right y axis is the 
experimental oscillator strength. The dashed black line is an optical absorption spectrum of the Ge electron trap measured at 6 K. The solid 
black line is a sum of all Gaussian broadened excitation energies weighted by their respective oscillation strengths. The bar plot shows the 
excitation energies and their respective oscillation strengths. Red bars correspond to electronic transitions in the α channel while blue bars 
correspond to β channel.
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strained Si–O bonds and O–Si–O angles greater than 132°. 
Although these angles are at the extreme of the distribution of 
O–Si–O angles in a-SiO2, which peaks at  ≈109.5°, we have 
estimated that the concentration of such precursor sites in our 
glass models is  ≈4 × 1019 cm−3 [16]. The electron trapping 
at network sites with O–Si–O angle less than 132°, requires 
overcoming an energy barrier and hence is less probable. 
After finding these sites in seven different a-SiO2 models, a 
quantum region in an embedded cluster calculation was cen-
tred at a wide O–Si–O angle and included between 96 and 114 
atoms. Due to the disorder in a-SiO2 and the rather stringent 
criterion of O–Si–O angles greater than 132°, it was not pos-
sible to standardize the numbers of atoms described quantum 
mechanically across the seven different glass models. The 
quantum region was then interfaced with a classically polariz-
able region which contained between 910 and 933 atoms. The 
diameter of the entire system is  ≈50 nm while the quantum 
regions are  ≈1.5 nm in diameter. The positions of all atoms in 
region I were optimized in the neutral charge state. We also 
checked that the size of the region I is sufficient to accommo-
date the distortion induced by the electron localization in the 
amorphous network. The one-electron band gap averaged over 
the seven different samples in the embedded cluster model is 
7.7 eV, ranging from 7.4 eV to 8.1 eV.

An extra electron was added into each of the seven samples 
and their respective geometries optimized, resulting in seven 
different intrinsic electron trap configurations, where an elec-
tron has localized at a precursor Si site and the O–Si–O angle 
has opened from 132° to an average of 174°, ranging over 5°. 
These electron traps introduce an occupied one-electron state 
located on average 4.3 eV below the bottom of the conduction 
band in the a-SiO2 matrices, ranging between 3.7 and 4.8 eV. 
The spin density of this system is shown in figure 4(a).

The transition energies and oscillator strengths of all seven 
electron trapping configurations calculated using TDDFT are 
plotted together with equal weights in figure  4(b). The bar 
plot shows all optical transitions corresponding to the two 

types explained in the inset of figure 4(b) with their respec-
tive oscillation strengths. Each absorption line is Gaussian 
broadened by 0.3 eV to simulate homogeneous broadening 
and the black line in figure 4(b) is produced as a sum of all 
Gaussian broadened optical transitions in seven electron trap-
ping centres weighted by their respective oscillation strengths. 
Transitions of the first type are highlighted as red bars while 
the second type are highlighted as striped blue bars. The first 
type is caused by the electron localized on the wide O–Si–O 
angle (see figure 4(a)) being excited into quasi-local states at 
the bottom of the a-SiO2 conduction band composed of ‘d’ 
orbitals of nearby Si atoms and nearby O ‘s’ orbitals. These 
transitions cause peaks with maxima at 3.7 and 4.7 eV. The 
second type is due to the excitation of a β-spin electron from 
the occupied non-bonding oxygen ‘p’ orbitals, which have 
broken away from the top of the a-SiO2 valence band due to 
the structural distortion introduced by the intrinsic electron 
trap, into the unoccupied states in the band gap localized on 
the wide O–Si–O angle. They comprise a peak with a max-
imum at around 6.4 eV. These non-bonding O ‘p’ states are 
localized around the wide O–Si–O angle, similar to the O ‘p’ 
states of the nearest O neighbours highlighted in figure 4(a). 
The whole spectrum is much broader than that of the GEC in 
figure 3(b) because the transitions in each local defect config-
urations have different energies due to the disorder of a-SiO2.

We note that the calculated spectrum exhibits transitions 
in the energy range of 3–7 eV. This is consistent with both the 
anneal and spectral bleaching data, which show a significant 
reduction of the optical density at energies exceeding 4 eV 
(see figure 1). The nature of both types of transitions is the 
same as in the GEC. The results of the thermal anneal at 186 
K shown in figure 1(a) demonstrate that hole mobility causes 
complete bleaching of the optical absorption up to about 
4.0 eV and partial depletion of bands at higher energies. This 
is consistent with our suggestion that the 3.7 eV band origi-
nates from the trapped electron centre created as a counter-
part to self-trapped holes and indicates that the higher energy 

Figure 4. (a) The spin density of the electron localized in a-SiO2. The tetrahedron with the wide O–Si–O angle is highlighted. Note that 
the colour scheme is the same as that of figure 3(a). (b) The calculated optical absorption spectrum of intrinsic electron traps in a-SiO2. The 
inset shows a schematic of the optical transitions that can occur in the intrinsic electron trap. Two types of transitions are shown by two 
colours. See text for discussion.
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bands are composites of optical absorption bands of trapped 
electrons as well as other defects. The first type of electron 
excitation would create electrons at the bottom of the a-SiO2 
conduction band, which would then recombine with holes 
and react with other defects. This explains why the optical 
excitation with 3.87 eV photons results in the bleaching of the 
2.2 eV band and some of the E′ centres.

4. Conclusions

Our results provide the strongest evidence yet for the for-
mation of intrinsic localized electron centres in a-SiO2 as a 
counterpart to self-trapped holes and support a detailed theo-
retical model of a strongly localized electron in a disordered 
oxide. This localization is promoted by strained Si–O bonds 
and results in distorted SiO4 tetrahedra. Therefore, one can 
expect that similar electron traps can exist in other types of 
silica glasses [34], feldspar and tectosilicates based on net-
works of SiO4 tetrahedra. Many of these materials contain, 
as yet unexplained, deep electron centres responsible for 
thermo-luminescence employed in e.g. luminescence dating 
[1]. Therefore, we believe the optical signatures of intrinsic 
electron traps revealed here will be useful for understanding 
the properties and stability of other silicates, and electronic 
and optical devices utilizing a-SiO2.
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