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1. Introduction

Dielectric breakdown of gate SiO, films in advanced
MOSFETs is one of major concerns. It is known that break-
down electric-field strength Ej, decreases due to the
presence of defects in the film. The decrease in Ey is
widely discussed by the percolation theory [1], which is
illustrated in Fig. 1. Defects are produced in SiO, by con-
tinuous electric stress and connected with each other so that
a percolation path is formed. Finally, a current path is ir-
reversibly formed after breakdown occurs through the per-
colation path. It is thus important to investigate the effects
of locally-distributed defects on Eyp,.

Although the value of the bandgap is a potential param-
eter for Eyp, estimation because it has a correlation with Eg,,
this bandgap-based approach is inapplicable to our targets.
The bandgap parameter does not reflect effects of defects
locally distributed. In the present study, we propose a
method for Ey, of SiO, films that contain lo-
cally-distributed defects such as atomic-scale strains and
vacancies, that is, Eyp, reflecting local structures.

2. Ejy; estimation method

The approach that we propose in this study is based on
an inner electric-field model, which we developed and de-
monstrated its applicability to dielectric constant estima-
tions [2].

Inner electric-field model

Through the first-principles molecular orbital calcula-
tions employed with the DV-Xa code [3], in this inner elec-
tric-field model, we analyze a cluster model for a target
material, an example of which for SiO, is illustrated in Fig.
2. From an inner orbit of the center atom of the cluster, we
remove electrons and thus create core holes so as to gener-
ate inner electric field in a radial fashion. This electric field
results in the dielectric response: valence charge of the
neighbor atoms moves to the center one. The amount of the
moved charge An is recorded. We have found that this val-
ue is an interesting parameter that indicates various physi-
cal properties of materials, as shown in Fig. 3, for example;
for a wide variety of Si and Al compounds, a universal
straight-line relationship is observed between a function of
the dielectric constant and the dipole moment given by
Aner, in which "r" represents a bond length. In this study
we expand the concept of this inner electric-field model to
the Eyp, estimation.
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Parameter of "Recovery rate" and its application to Eg,
estimation

This study reveals that a parameter deduced from a An
analysis is applicable to Eyp, estimation. Figure 4 shows a
relationship for Si compounds between An and the charge
quantity originally removed. The gradient of An with re-
spect to the removed charge for each material is a parame-
ter indicating how strongly the studied sample recovers to
the original state. We have thus named it "recovery rate"
and found that this value has a good correlation with Eyp
for Si and Al compounds, as demonstrated in Fig. 5, where
Eyp given by literatures [4-10] are plotted as a function of
the recovery rate that we calculated. From this result, we
conclude that it is possible to estimate Ey, from recov-
ery-rate calculations for various structures through these
straight-line relationships.

3. Estimation in strained and defective SiO,

We have applied the proposed method to SiO2 films
that have defects. We have studied two types of defects:
atomic-scale strain and oxygen vacancies. For the strained
Si0, case (Fig. 6), we have analyzed SiO, cluster with inter
atomic distances changed by -3%~9%. It is found that Ey
decreases with inter atomic distance increases. In the oxy-
gen vacancy case (Fig. 7), we have built a cluster model
illustrated in Fig. 7. Note that the model is energetically
relaxed. It is found that Ey, is lower compared to SiO,
without oxygen vacancies. These results also suggest that
the dielectric breakdown occurs with an aide of defects,
which is consistent with the basic concept that underlies in
the percolation theory.

4. Conclusion

We propose an estimation method of breakdown elec-
tric-field strength reflecting local structures of SiO,. The
method is based on an inner electric-field model, which is
analyzed in a computation system associated with the
first-principles molecular orbital calculations. From a pa-
rameter named “recovery rate”, which is given by the
analysis, it is possible to estimate the breakdown elec-
tric-field strength of SiO, even with defects locally distrib-
uted. Results of case models exhibit trends expected from
the percolation theory.
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Fig.1 Conceptual drawing of the percolation theory.
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Fig.2 Cluster model of SiO,.
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Fig.3 Relationship between the function of dielectric

constant € and the dipole moment Aner, where r is the inter

atomic distance.
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Fig4  Observed relationship between the amount of

removed charge and A n, for Si compounds.
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Fig.5 Correlation between recovery rate and breakdown
electric-field strength.
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Fig.6 Estimated Ejy, for strained SiO,.
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Fig.7 Estimated Eg, for SiO, with an oxygen vacancy.




