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a b s t r a c t

Using computational modelling we investigate whether Si–H Bonds can serve as precursors for neutral E0

centre formation in amorphous silica and at the Si/SiO 2 interface. Classical inter-atomic potentials are 
used to construct models of a-SiO 2 containing Si–H bonds. We then investigate the mechanism of disso- 
ciation of a Si–H bond to create a neutral E0 defect, that is a 3-coordinated silicon with an unpaired elec- 
tron localis ed on it. We show that the Si–H bond is extremely stable, but as a result of hole injection it is
significantly weakened and may dissociate, creating a neutral E0 centre and a proton attached to one of
the nearby oxyg en atoms. The proton can diffuse around the E0 centre and has a profound effect on
the defect levels. We show that at a Si/SiO 2 interface, the position of the proton can facilitate electron 
transfer from the Si substrate onto the defect, making it negatively charged.

� 2013 Elsevier B.V. All rights reserved.

1. Introductio n

Oxidised silicon still remains at the core of a wide variety of
microelectroni c devices ranging from charge-trap ping memory 
cells to high power transistors. As a result, further understand ing 
of charge trapping in thin SiO 2 layers at the atomic level represents 
the focal point of both experimental and theoretical research 
aimed at the developmen t of physically sound models with consid- 
erable predictiv e capability. As we show below, the creation of E0

centres (a O3 � Si � moiety) by trapping of a hole on a Si–H bond 
in bulk amorphous silica (a-SiO2) not only provides an explanation 
to a multitude of observations but also predicts metastable defect- 
proton configurations encountered in stress-induced degradation 
experiments .

Ever since the identification of the paramag netic E0 centre in
SiO2 as an unpaired electron localised in an sp3 hybrid orbital of
an Si atom backbonded to three oxygen atoms, a number of at- 
tempts has been made at explaining the optical and electronic 
properties of SiO 2 in the presence of E0 centres. The irradiation or
hole injection induces trapping of positive charge in thin layers 
of a-SiO 2 grown on silicon surfaces by thermal oxidation. This ef- 
fect has been correlated with paramagneti c E0 centre signals and 

led to the initial assignment of the neutral oxygen vacancy as the 
major hole trap in a-SiO 2 [1–3]. In this model, originally proposed 
for E0 centres in a-quartz, upon trapping a hole, one Si atom from 
the two Si atoms constituting the vacancy remains neutral and 
hosts the localised unpaired electron while its counterpart be- 
comes positively charged. Although this model has initially been 
accepted widely for its simplicity, it fails to account for a number 
of observations, such as the positive charge trapping without gen- 
eration of E0 centres [4], the formation of high density of E0 centres
without the correspondi ng density of positive charge [5], and the 
absence of correlation between the decrease of the E0 centre den- 
sity and the density of positive charge upon post-irradiatio n elec- 
tron injection in SiO 2 [6].

More recent experiments using field-dependent recombin ation 
of holes trapped in SiO 2 with injected electrons [7] revealed that 
the paramagnetic state of the E0 centre is not always correlate d
with the entity bearing the positive charge. It has been suggested 
that the positive charge is protonic in origin, a hypothes is later cor- 
roborated by a number of experime ntal results [7,8]. Consequentl y
the O3 � Si–H entity in a-SiO 2 has been suggested as a possible E0

precursor [7], where upon hole trapping hydrogen dissociates in
the form of a proton leaving behind a neutral paramagneti c E0 cen-
tre. The question remains as to whether the liberated proton is
then be trapped in SiO 2 or diffuses through and escapes the SiO 2
layer.

In this contribution we demonstrat e that Si–H bonds in bulk 
a-SiO2 and at the Si/SiO 2 interface can indeed be responsible for 
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the creation of paramagnetic E0 centres and how the presence of a
proton nearby can affect the defect’s levels.

2. Details of calculation 

The ReaxFF force-field [9] was used to generate 20 models of
amorphous silica, each containing 216 atoms, using molecular 
dynamics (MD) simulations within the LAMMPS code [10]. The 
force-field was parametrised to reproduce the properties of various 
SiO2 polymorphs, Si polymorphs, SiO x clusters and water mole- 
cules [11]. It allows the calculation of Si and O atoms in a range 
of oxidation states by exploiting the electronega tivity equalisation 
principle [12]. To generate the amorphous structures, MD simula- 
tions were run starting from the 3 � 3 � 3 cell of b-cristobalite
under periodic boundary conditions.

Each system was given random velocities from a Gaussian dis- 
tribution and equilibrated at 300 K and 1 atm. pressure using a
Berendsen thermost at and barostat [13]. The temperat ure was 
then linearly ramped up to 5000 K and a hydrogen molecule was 
added to the silica melt. In order to ensure that Si–H bonds are 
present in the final structure, the distance in a pair of Si and H
atoms was fixed 1.46 Å apart. The system was maintained at
5000 K for 40 ps and then brought down to 0 K at a rate of 8 K/
ps. The resulting structure s containe d separate Si–H and Si–O–H
bonds, as can be seen in Fig. 1. These structures were then charac- 
terised by calculating the distributions of bond lengths and angles,
densities, and total structure factors [14].

The electronic structures of these models were then calculated 
using density functional theory (DFT) and non-local density func- 
tional HSE [15], implemented in the CP2K code [16]. The CP2K code 
uses a mixed Gaussian/plane -wave basis set. The double- f Gauss-
ian basis set [17] was employed for all atoms in conjunction with 
the GTH pseudopote ntial [18]. The SiO 2 band-gap in these models 
is �8.9 eV. The calculations of hyperfine interactio ns employed all 
electron basis sets with contraction schemes 6-311G ** for silicon 
and oxygen [19,20]. All geometry optimisatio ns were performed 
to achieve forces on atoms less than 37 pN.

We also constructed several models of interfaces between crys- 
talline Si (001) and a-SiO 2, making the a-SiO 2 layer using a similar 
technique. The starting structure contained 25 layers of Si and 13

layers of b-cristobal ite, strained to the lateral cell vectors of the 
Si substrate. Overall the Si substrate is �3 nm thick as is the SiO 2
layer. This system was modelled under 3D periodic boundary con- 
ditions and effectively contained two Si/SiO 2 interfaces. Briefly, the 
interface structure generation included melting the SiO 2 layer at
the temperat ure of 5000 K and equilibrating for 20 ps. The temper- 
ature of the SiO 2 layer was then brought down to 0 K at a rate of
100 K/ps. The Si layer and the Si/SiO 2 interfaces were then heated 
up to 1000 K and then brought down to 0 K at a rate of 20 K/ps.
The resulting structures contained defects at the interface, which 
were passivated with H atoms, and one 3-coordinated Si in the 
SiO2 layer. The model has a distribution of Si–O bond lengths 
around 1.64 Å and Si–Si bond lengths around 2.3 Å. The O–Si–O an- 
gles are centred around 110 � and the Si–O–Si angles are centred 
around 150 �. The calculated band gaps and band offsets (shown
in Table 1) are in good agreement with experiment.

3. Si–H dissociation and the generation of a neutral E0 centre

To investigate the possibility of thermal dissociation of the Si–H
bond we calculated the formatio n energy of a neutral E0 from the 
Si–H bond in the bulk of a-SiO 2 according to reaction:

O3 � Si�H! O3 � Si�þH� ð1Þ

This was accom plished by moving the H atom away from the O3 �
Si entity, re-optimisin g the system geome try and comparing the to- 
tal energie s of the two structures . We found that the H atom prefers 
to be located in the middle of a Si–O ring structure and does not 
bind to Si or O atoms. The averag e dissocia tion energy obtained 
from the 20 a-SiO 2 models is 4.2 eV, which indicates that the Si–H
bond is very stable and would require high temperat ure for ther- 
mally activate d dissocia tion to occur. The isotropic hyperfine con- 
stants calculate d for the O3 � Si� models range from 40.0 mT to
47.8 mT, averag ing at 44.4 mT.

We then investigated whether hole trapping would facilitate 
the Si–H dissociation in all 20 a-SiO 2 models, as in reaction:

O3 � Si�Hþ hþ ! O3 � Si�þHþ ð2Þ

In the neutral system the Si–H states are located close to the top of
the SiO 2 valence band. In two of the 20 models the addition of a hole 
results in spontaneo us dissociation of a Si–H bond releasing a
proton and leaving behind a neutral E0 centre. The proton binds to
the nearest oxygen that is not bonded to the Si atom from which 
the proton dissociated , as can be seen in Fig. 2. The Si–H states of
the two models in which the Si–H bond dissocia ted spontaneo usly 
are the highest in the a-SiO 2 band gap above the top of the SiO 2
valence band. These are also the ones that have the smallest 
H. . .O distance with the O atom which binds the proton. In the 
remaining 18 models there is a barrier to remove a proton, but 
the final dissociated state is always lower in energy than the Si–H
state just after the hole trapping. The calculatio ns using a nudged 
elastic band metho d [22] show that the barrier to proton removal 
increases as the H. . .O distance increases and in our 20 models does 
not exceed 0.5 eV when the proton has to cross the largest distance 
of 3.2 Å.

In all cases the proton binds to an oxygen atom, forming a
hydronium- like configuration shown in Fig. 2 and leaving behind 

Fig. 1. A model of a-SiO 2 containing an Si–H bond and an Si–O–H bond. The Si
atoms are yellow spheres connected to four atoms, O atoms are the darker red 
spheres connected to two atoms and H atoms are pale grey spheres. The distance 
between the Si–H bond and Si–O–H bond is �6 Å.

Table 1
The calculated band gaps and band offsets, in eV, of the Si/SiO 2 system compared to
experiment. VBO is valence band offset, CBO is conduction band offset and Bg are the 
band gaps of Si and SiO 2.

VBO CBO Bg(SiO2) Bg(Si)

Theory 4.2 3.7 9.0 1.23 
Expt. [21] 4.4 3.4 8.9 1.2 
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