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a b s t r a c t
We extend the McPherson model for the silicon–oxygen bond-breakage in a manner to capture the
impact of the O–Si–O angle ﬂuctuations (typical for amorphous SiO2) on the breakage rate. In the McPherson model the transition of the Si ion from the 4-fold coordinated position to the 3-fold coordination is
considered as rupture of the Si–O bond. We have studied the potential barrier (separating these saddle
points) transformation induced by the O–Si–O bond angle variations and found that the secondary minimum occurs at a critical angle of about 107.75°. Since the Si ion ‘‘ﬁnds” the way corresponding to the
highest breakage probability we used the two-dimensional downhill simplex method in order to ﬁnd
the direction of this maximal rate. It was shown that if the O–Si–O angle deviates from its nominal value
109.48° (typical for a-quartz) corresponding to the regular SiO4 tetrahedron the symmetry aggravates
and the secondary minimum is rotated. Calculated dependencies of the breakage rate on the electric ﬁeld
demonstrate the linear slope in the log–lin scale thus reﬂecting the linear reduction of the activation
energy for the bond-breakage vs. ﬁeld. The family of distribution functions for breakage rate calculated
with a ﬁxed step of ﬁeld shows that the curves do not change their form and are shifted in parallel with
the ﬁeld. This tendency supports the thermo-chemical model for the bond-breakage also in the case of
strongly ﬂuctuating O–Si–O angles. As a consequence, dependencies of the mean value of the rate, its
standard deviation and the nominal rate (calculated for the angle of 109.48°) have the same slope on a
log–lin scale. The wide spread of the breakage rate is reﬂected by the high value of its standard deviation.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
The Si–O bond-breakage has been suggested to be a crucial contributor to hot-carrier-injection (HCI) damage and to time-dependent-dielectric-breakdown (TDDB) [1,2]. A model recently
proposed by McPherson [3,4] considers Si–O bond rupture as a
transition of the Si ion from the 4-fold equilibrium position (the
primary minimum) in the center of the SiO4 tetrahedron to the
3-fold position (the secondary minimum/saddle point) beyond
the O3 plane (Fig. 1a), resulting in the formation of a Si–Si bridge.
This transition is considered as a superposition of the Si ion tunneling through the barrier between the primary and the secondary
minima and its thermionic excitation over this barrier. The potential proﬁle is formed by four contributions due to interactions of
the Si with the surrounding O ions situated in the vertices of the
SiO4 tetrahedron. To describe Si–O interactions the Mie–Grüneisen
pair-wise interatomic potential has been used [3,4].
Although it has been speculated that the secondary minimum
becomes more/less energetically pronounced with O–Si–O angle

u deviations and, thus the bond-breakage rate may be drastically
changed, this issue has not been quantitatively addressed. At the
same time there is a bulk of either theoretical [5–7] or experimental [8,9] publications where a distribution of O–Si–O and Si–O–Si
angles is reported for amorphous SiO2. Therefore, the McPherson
model is only suitable for a-quartz and has to be extended in a
way to capture the effect of ﬂuctuations of these angles typical
for SiO2 ﬁlms employed as gate oxides. We study the impact of
O–Si–O angle variations on the breakage rate.

2. McPherson model: General considerations
As a starting point the McPherson model for Si–O bond-breakage is used [3,4]. We employ the Mie–Grüneisen interatomic potential to describe Si–O interactions:

  9
r 2
r 
r0
0
0
B
C
r
r
r

UðrÞ ¼ UB A

ð1Þ
0

* Corresponding author. Tel.: +43 1 58801 36025; fax: +43 1 58801 36099.
E-mail address: tyaginov@iue.tuwien.ac.at (S. Tyaginov).
0026-2714/$ - see front matter Ó 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.microrel.2009.06.018

where r is the interatomic distance, UB = 5.4 eV and r0 = 1.7 Å
A are the
bond strength and length. Constants {A, B, C} are found in order to
satisfy the set of requirements:
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(a)

(b)

Fig. 1. Geometrical and energetical positions of the secondary minimum: (a) Si transition from the 4-fold to the 3-fold position and (b) barrier transformation with O–Si–O
angle.
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time sar,n, i.e. the time between two consequent collisions with
the potential proﬁle) and the barrier transparency Tn, i.e.:

Ptu;n ¼
ð2cÞ

fn T n

ð4Þ

sar;n

The level occupancy fn obeys Boltzmann statistics:

Eqs. (2a) and (2b) represent the energetical and spatial position
of the minimum corresponding to the equilibrium interatomic distance r = r0, while (2c) ensures the suitable bond polarity fo ﬃ 0:6
(see [3] and its references).
In the McPherson model the position of the secondary saddle
point is determined by the tetrahedral symmetry. The secondary
minimum lies on the symmetry axis of the tetrahedron, i.e. in
the direction from the center of the SiO4 cell perpendicular to the
O3 plane (Fig. 1a). While moving the Si atom in this direction –
due to the symmetry – the contributions of three oxygen ions in
the plane are identical featuring a maximum when Si penetrates
the plane and two minima situated symmetrically with respect
to this maximum. The potential proﬁle for the last Si–O bond demonstrates the unique minimum (cf. Eq. (1)) at the equilibrium ion
distance shifted with respect to the O3 plane perpendicularly
and, therefore, this last contribution deepens the primary minimum and ﬂattens the secondary one, thus transforming it into a
ledge. These minima are separated by the barrier originated from
the contribution of the O3 plane forming the in-plane maximum
(Fig. 1b).

,

fn ¼ expðEn =kB TÞ

X

expðEn =kB TÞ

ð5Þ

n

where the denominator (the statistical sum) warrants the normalization; kB is the Boltzmann constant while T is the absolute
temperature.
Having a certain ion energy En one may ﬁnd reference points
{x2, x3} limiting the classically prohibited region of movement
while solving En = V(x) and then write the tunnel probability and
the aller–retour time as [3,4,10] :
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Note that the total tunnel rate is to be found by summation over all
states of the Si ion. Another important contribution to the bondbreakage process is related to the thermal excitation of the ion over
the potential barrier characterized with the rate:

3. McPherson model: Bond-breakage mechanisms

Pth ¼ v  expðEa =kTÞ

The breakage of the silicon–oxygen bond is treated as the superposition of two mechanisms, namely of the Si ion tunneling between two saddled positions accompanied by thermionic
excitation over the potential barrier. Tunneling is treated quasiclassically within the Wentzel–Kramers–Brillouin (WKB) approximation. The system of energy levels in the quantum well of the
primary minimum is found by numerically solving

where Ea is the activation energy (difference in energetical positions
of the primary minimum and the maximum separating these minima) and v = 1013 s1 is the attempt frequency [3,4].
While shifting one of O ions from its regular position corresponding to a-SiO2 or, in other words, while deviating the O–Si–
O angle, the symmetry is distorted and the position of a ledge is
shifted both geometrically and energetically. With an increase of
u the saddle point becomes more pronounced and at the same time
the barrier separating the primary and the secondary minima
grows as depicted in Fig. 1b. This means that thermionic contribution decays with u while it is not clear a priori how the tunnel component behaves. Since the Si ion tunnels from those levels in the
quantum well of the primary minimum situated above the bottom
of the secondary minimum, there is a trade-off between aggravation of the tunnel probability due to the higher barrier and its
growth due to involvement of a larger number of levels into
tunneling.

Z
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where n and En are the level number and its position, V(x) is the potential proﬁle, mSi is the Si ion mass and the integration is performed over the classically allowed interval of the ion movement
(restricted by points x1 and x2).
The Si ion ‘‘ﬂux” from each level Ptu,n – which is actually the tunneling rate – is the product of the level occupancy (number of
available particles), attempt frequency (reciprocal aller–retour

ð8Þ
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4. Bond-breakage rate vs. O–Si–O bond angle

Fig. 3. Bond-breakage rate as a function of the O–Si–O angle u calculated for
various ﬁelds F.

5. Statistical analysis
For the statistical analysis of bond-breakage rate deviations due
to the ﬂuctuations of O–Si–O angles we borrowed the probability
density distribution of the O–Si–O angle, Du (u), from [5], represented in the inset of Fig. 5. The distribution function DP, the mean
value hPi and the standard deviation rP of the variate P have been
calculated as:



duðP; FÞ

DP ðP; FÞ ¼ Du ðuðP; FÞÞ
dP 
Z p
hPi ¼
PðuÞDu ðuÞdu

(a)

ð9aÞ
ð9bÞ

0
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Fig. 5 shows the mean value of the bond-breakage rate hPi and
its standard deviation rP as a function of the electric ﬁeld F. As a
reference, the nominal breakage rate Pn calculated for a ﬁxed
u = 109.48° (corresponding to the crystalline a-quartz) is also plotted. One can see that for a wide range of the applied electric ﬁeld,
F = 5.0 . . . 10.0 MV/cm, the mean value hPi is more than ﬁve times
higher than that calculated with u = 109.48°. Moreover, the standard deviation rP is comparable to Pn implying a quite wide span
of variate P. Such a ﬁnding means that huge bond-breakage rates
– realized with a small but still ﬁnite (nonzero) probability –
may warrant the build-up of precursors for the formation of a percolation path. In fact, as it has been reported in the literature (e.g.
[13]), while the trap cluster is being formed, new defects are most

angle θ

It is obvious that the direction in which the secondary minimum appears is determined by the SiO4 tetrahedron symmetry.
Thus if one of the O ions is shifted (u is not equal to its conventional value of 109.48° in crystalline SiO2, see Fig. 2a) the minimum
should be observed in another direction. However, we consider
here the overall bond-breakage rate. In other words, a path between the primary and the secondary minima providing the highest rate will be ‘‘found” by the Si ion while breaking Si–O bond.
Therefore, it is more reasonable to reformulate the problem in
terms of ‘‘bond-breakage rate” rather than ‘‘potential proﬁle”, i.e.
to ﬁnd the direction in which a maximum of bond-breakage rate
P is observed.
Fig. 2b demonstrates the dependence of the modulus of angle h
between the SiO4 symmetry axis and the direction corresponding
the maximal of P as a function of u. Note that this dependence features h = 0 for u = 109.48° as it should be (the case of the regular aquartz). Let us assume that the O ion marked as 2 is moved toward
the symmetry axis of the SiO4 cell (u > 109.48°). It is obvious that
in this case the direction corresponding the maximal rate P will
be rotated towards other ions from the O3 plane. In other words,
if we assign negative values of h for directions from the symmetry
axis toward the O ion marked as 4, we have h < 0 for u > 109.48°.
Just the same qualitative ﬁndings lead us to h > 0 for u < 109.48°.
Fig. 2b conﬁrms these considerations demonstrating the change
of h sign while u passes 109.48°.
To determine h we used the downhill simplex method in two
dimensions (while searching the maximum we examined directions connecting the SiO4 center and a point in the O3 plane parameterized by two coordinates), see e.g. [11]. Note that only
directions demonstrating a pronounced secondary minimum have
been taken into account (a zero bond-breakage rate was assigned
to a direction with no secondary minimum observed). Fig. 3 shows
the dependence of P on u calculated for different values of ﬁelds F.
One can see an abrupt increase of P at ucr = 107.75° corresponding
to the appearance of the secondary minimum. The following decrease of bond-breakage rate with u reﬂects the interplay between
the barrier strengthening and deepening of the secondary minimum mentioned above. Note that the dependences P(u) calculated
with a certain step on F are situated equidistantly on a log–lin
scale, meaning that the bond-breakage rate grows exponentially
with ﬁeld, supporting the thermo-chemical model for the silicon–oxygen bond-breakage [3,4,12] even for the case of ﬂuctuating
u. The rate P as a function of F calculated for various values of u is
plotted in Fig. 4, explicitly demonstrating a linear trend for the logarithmic rate vs. the electric ﬁeld. Note that all the curves P(F) have
the same slope.

(b)

Fig. 2. Direction at which the maximum bond-breakage rate is observed (represented by angle h): (a) schematically depicted and (b) as a function of angle u.
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Fig. 4. Bond-breakage rate vs. the electric ﬁeld F obtained for diverse angles u.

Fig. 5. The mean value, the standard deviation and the value calculated for
u = 109.48° of bond-breakage rate. Inset: O–Si–O angle distribution borrowed from
[5].

probably created in the vicinity of the pre-existed ones and thus
the spot with the highest P acts as a precursor for the formation
of a percolation path.
The family of density functions calculated for several values of
the electric ﬁeld F is depicted in Fig. 6. An important peculiarity
of the probability density DP is the invariance of its (linear) shape
with respect to the applied electric ﬁeld. In fact, an accelerating
of F leads to the parallel shift of the curves towards higher P (in
a log–log scale). Note that the normalization is guaranteed due to
the trade-off between the exponential expansion of the spread towards higher rates and also the exponential reduction of the abso-

Fig. 6. The family of distribution function of the rate P calculated for various values
of the applied electric ﬁeld. Inset: a hint of a maximum revealed by the probability
density obtained for F = 0.

1001

lute values of DP. This feature comes from the equidistance
arrangement of dependencies P = P(u) (calculated at a ﬁxed step
in F) on a semi-log scale, see Fig. 4.
The distribution Du(u) features the maximum at u = 109.48° and
rapidly decays at both sides from this value. At the same time, P(u)
decreases (as well as |du/dP| in Eq. (9a)) with u (starting from
u = ucr) and therefore, in the range [un; ucr] we have a superposition of two tendencies which may lead to the maximum being
shifted with respect to the maximum of Du(u) achieved at u = un.
However, |du/dP| varies pretty fast with P and – being the predominant factor – inhibits contributions due to Du(u). As a result we see
only a hint of a maximum represented in Fig. 6, inset (this example
shows the fragment of the distribution for the zero ﬁeld, i.e. curve
DP(P, F = 0)).
As a consequence, this feature of DP leads to a linear dependence of the bond-breakage rate on the electric ﬁeld which has
been also obtained for the case of a strongly ﬂuctuating O–Si–O angle. Moreover, the standard deviation rp(F) reveals the same slope
in the semi-log scale (Fig. 5) as hPi(F). These circumstances reﬂect
the fact that the thermo-chemical model for the silicon–oxygen
bond-breakage developed for crystalline silica is also applicable
for amorphous material characterized by deviations in O–Si–O angle. In fact, the model demonstrates a linear decay of the logarithmic bond-breakage rate with the electric ﬁeld. It treats the bondbreakage process in terms of chemical reactions with a certain activation energy and shows that this energy decreases proportionally
to F. In our case the same result has been obtained, however under
consideration of the ﬂuctuating O–Si–O angle we substitute the
nominal rate by the mean value and all the previous conclusions
remain valid also in this case. To be more concrete, the logarithmic
(mean) bond-breakage probability is being enlarged proportionally
to the applied ﬁeld.

6. Conclusions
Using the McPherson model for the Si–O bond rupture we analyzed the effect of O–Si–O bond angle u variations on the breakage
probability. While varying u the potential proﬁle is being transformed, i.e. the secondary minimum becomes deeper, which is
accompanied by a growth of the separation barrier height. Hence,
a trade-off between a lower barrier transparency and involvement
of a larger number of energy levels for the Si ion tunneling between
the primary and the secondary minima is typical for this situation.
The secondary energetical minimum was shown to appear at
ucr = 107.75°.
The Si ion ‘‘ﬁnds” a way for bond-breakage corresponding to the
highest probability and the direction featuring this maximal rate
should be considered the bond-breakage pathway. While writing
the ‘‘bond-breakage rate” we mean just this maximal value and
distinguish this quantity and the nominal rate Pn calculated for
the ﬁxed u = 109.48°. We calculated the angle between this direction and the SiO4 tetrahedron symmetry axis as a function of the
O–Si–O angle. For u < 109.48° (ﬁxed value typical for crystalline
silica) this direction is rotated with respect to the symmetry axis
toward the deviated O ion, for u = 109.48° it coincides with the
symmetry axis, being turned in the opposite side for higher u.
Calculated – with a ﬁxed step in the applied electric ﬁeld F as a
parameter – the dependencies of the bond-breakage rate P vs. O–
Si–O angle are equidistantly spaced in a semi-log space. This
means that the same activation bond-breakage nature is revealed
in a wide range of angles u. Such a concept is conﬁrmed explicitly
by a family of curves P = P(F), demonstrating an exponential relation between the rate and the ﬁeld.
Based on the O–Si–O angle distribution we evaluated the probability density DP(P), the mean value hPi and the standard deviation
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rP of the statistically distributed variable P. The distribution
function demonstrates the linear behavior while another peculiarity is that the electric ﬁeld does not change the shape of the curves
which are just shifted in parallel. The consequence of such a behavior is a similar log–lin slope for dependencies of the mean value,
standard deviation and the nominal value of rate P vs. the electric
ﬁled. This circumstance supports the thermo-chemical model
(showing a linear increase of the logarithmic bond-breakage rate
with increasing electric ﬁeld) also for the case of strongly ﬂuctuating O–Si–O bond angles.
In this case the mean value hPi rather than the nominal rate Pn
should be used to describe the rupture process. In a large range of
electric ﬁelds, the mean rate hPi is more than ﬁve times higher that
the nominal rate Pn, while rP is comparable to Pn. Such a wide
spread of the variable P means that an amorphous SiO2 ﬁlm contains spots (Si–O bond substantially weakened by a lattice distortion due to strongly deviated bond angles) with a rather high
bond-breakage rate. Although the relative quantity of these spots
is small, just these spots are predominately broken down during
the electrical stress. Since the new defects are being prevalently
formed in the vicinity of preexisting ones, such spots are very
important because they act as grains for the initial stage of a percolation path formation.
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