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Abstract: Understanding defect creation is central to efforts 

to comprehend gate dielectric breakdown in metal-oxide-

semiconductor-field-effect-transistors (MOSFETs). While gate 

dielectrics other than SiO2 are now popular, models develop 

for SiO2 breakdown are used for these dielectrics too. 

Considering that the Si-O bond is very strong, modeling 

efforts have focused in ways to weaken it so that defect 

creation (bond-breaking) is commensurate with experimental 

observations. So far, bond-breaking models rely on defect-

precursors to make the energetics manageable. Here it is 

argued that the success of the percolation model for gate 

oxide breakdown precludes the role of defect precursors in 

gate oxide breakdown. It is proposed that defect creation 

involves “normal” Si-O bonds. This new model relies on the 

fact that hole transport in SiO2 is in the form of a small polaron 

– meaning that it creates a transient local distortion as it 

travels. It is this transient distortion that enables normal Si-O 

bonds to be weakened (albeit transiently) enough that 

breaking the bonds at a rate commensurate with 

measurements becomes possible without the help of the 

externally applied field. 

Key words: gate oxide; breakdown; precursor; hole transport; 

small polaron; lone-pair; percolation model. 

Introduction 

Gate oxide breakdown has been an important topic ever since 

silicon-based integrated circuits dominated electronics. 

Tremendous work has been done to understand the 

breakdown mechanism as well as to project the breakdown 

lifetime at operation condition [1]. After decades of effort, 

progress has been made but important questions about the 

defect creation mechanism remain. 

One of the most important advances in gate oxide breakdown 

research is the realization that breakdown is triggered by 

defects, accumulating under electrical stress, reaching a critical 

density [2-4]. This leads to the development of the percolation 

model [5-8] which successfully predicts the Weibull shape 

factor,  (slope of the Weibull plot), of the measured oxide 

breakdown distributions as a function of oxide thickness. The 

percolation model has become the most important tool for the 

projection of gate oxide breakdown reliability to operation 

conditions.  

The percolation model assumes that, under the stress of an 

electric field E, defects are created at random locations within 

the oxide film. The probability of forming a percolation path 

(the initial conduction path of breakdown) with defects, for a 

given oxide thickness, is a unique function of the defect density 

and the effective defect size. In other words, for a given 

probability of breakdown, there is an associated critical defect 

density. It is quite clear that if the defect creation process were 

not random, a different statistical outcome will result (different 

set of ). The success of the percolation model is therefore a 

strong statement that defects are indeed created at random 

locations under electrical stress and places a strong constraint 

on any proposed defect creation mechanisms. 

Depending on the device area and oxide thickness, the critical 

defect density to breakdown is predicted and experimentally 

demonstrated to reach beyond mid 1020/cm3 [3, 7]. Defects are 

often thought to be created from precursors. In that case, a 

precursor depletion phenomenon (deviation from the 

prediction of the percolation model) should exist when the 

precursor density is limited. However, experimentally, the  for 

device areas down to sub-micron scales show no sign of 

deviation from the percolation model. (Smaller device areas 

lead to higher critical defect densities). Thus, if defects were 

created from precursor sites, the density of precursor sites 

must be over mid 1021/cm3, or greater than 10% of the SiO2 

bond density. Based on this, Nissan-Cohen et al. concluded that 

defects (responsible for breakdown) cannot be created solely 

from precursor sites [3].   

Difficulties of existing models 

Among gate oxide degradation models, the thermochemical 

model (E model) considers defect creation by direct bond-

breaking through the molecular dipole-electric field interaction 

[9].  The strongest support for this first order kinetic model is 

that it can fit the experimentally measured [10] field 

acceleration factor and thermal activation energy. However, it 

predicts that only the precursor weakened bonds (oxygen 

vacancies) can be broken to produce defects. Also, this model 

cannot reconcile with the overwhelming experimental 

observations that tunneling current plays a strong role in 

breakdown lifetime [3, 4, 11, 12].   
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The competing anode-hole injection model (1/E model) [13-16] 

posits that hot holes are created by electrons arriving at the 

anode and that some of these hot holes can tunnel back into 

the oxide, leading to defect creation by an unknown process. 

This model can explain the role of tunneling current in 

breakdown but cannot explain the temperature-dependence 

of breakdown. Since tunneling current is flowing in all the oxide 

breakdown experiments, the anode-hole injection model is 

widely accepted. Its popularity continues even after the 

strongest supporting evidence of the model, the critical hole-

fluence to breakdown [14], is proven to be a misinterpretation 

of the experiment [17]. This is, in part, because the evidence of 

hole-trapping during electrical stress is overwhelming [15, 18-

20].  

With the thermochemical model and the anode-hole injection 

model both in need of improvement, it was proposed that hole 

trapping at a defect-precursor site can reduce the bond-

breaking activation energy in the thermochemical model. This 

effectively marries the two models [21]. This idea was further 

developed by McPherson et al. who proposed that hole-

trapping can also occur at stretched (weakened) Si-O bonds so 

that defect creation is no longer reliant on oxygen vacancy 

defect sites [22, 23].  

Lastly, the hydrogen release model posits that electrons 

reaching the anode can cause hydrogen to be released from 

passivated interface defects. The released hydrogens 

drift/diffuse across the oxide layer and form defects upon 

encountering certain defect precursors [24-26]. The released 

hydrogen could be a proton [27] or a neutral atom [28]. If it 

were a proton, then it can act like a hole and the activation 

energy lowering mechanism discussed above also works [21-

23].  

It was theoretically shown that electron-trapping at defect-

precursor states can also lower the bond-breaking activation 

energy [29]. It is argued that the most suitable defect-precursor 

state in this model is the Si-O bond stretched due to strain. As 

strain increases toward the SiO2/Si interface due to thermal 

expansion coefficient mismatch, the density of these stretched 

bonds is estimated to reach as high as 5 x 1019/cm3 when the 

SiO2 is grown on SiC [30]. Calculation shows that trapping two 

electrons at these sites is even more effective in promoting 

bond-breaking by the electric field [31, 32]. 

Si-O is a strong bond and directly breaking it is difficult. The 

common thread of the above proposed mechanisms is that 

defect creation under electrical stress is aided by charge-

trapping at defect-precursor sites with weakened bonds. 

Initially, the most popular precursor site suspected was the 

oxygen vacancy [9, 21, 22], but its concentration is in the 

1011/cm3 to 1012/cm3 range for good quality gate oxides [33], 

which is clearly many orders of magnitude too low. The 

precursor concentration issue is likely one of the reasons 

driving the convergence of various models toward the 

stretched Si-O bonds (by strain) [23, 29-32]. However, even the 

5 x 1019/cm3 estimation (from the SiO2/SiC system which is 

known to have higher defect density) [30, 32] is two orders of 

magnitude too low to explain the success of the percolation 

model. In addition, the high density of stretched bonds is 

expected to exist only near the SiO2/substrate interface (glassy 

network). This means defect creation will not be random in 

location, as required by the percolation model. 

It was proposed that defect site with trapped electron tends to 

promote defect precursor formation nearby, increasing the 

total available precursor sites [32]. While it may solve the 

precursor depletion problem, this proposal breaks the 

randomness requirement of the percolation model.  

It is generally thought that only a weakened bond (state with 

energy level inside the SiO2 bandgap) can trap a charge. The 

problem is to find defects that distribute uniformly throughout 

the oxide with a sufficiently high density. In this work, it is 

proposed that without a defect or defect precursor state, 

transient hole-trapping still occurs and it can break a normal Si-

O bond without the help of an externally applied electric field.  

The new model 

In the proposed new breakdown model, every oxygen atom in 

the SiO2 film is a potential site for defect creation under 

electrical stress. As a hole travels across the oxide film, it 

transiently localizes at the oxygen lone-pair state, leading to 

transient local distortion of the Si-O bond associated with the 

oxygen atom. This distortion is a direct result of the localized 

positive charge repelling the silicon atoms that are also 

positively charged due to the polar nature of the Si-O bond. The 

weakened bond has a greatly increased rate of breaking. 

It is well-known that hole mobility in SiO2 is very poor [34], and 
the reason for this poor mobility is that the top of the SiO2 
valence band is the O 2pπ non-bonding orbital (lone-pair state) 
[35-38]. These non-bonding orbitals are highly localized to the 
oxygen atom. When a hole travels along the top of the valence 
band, it is a highly localized wavefunction in the form of a small 
polaron, meaning that it distorts the surrounding bonds and 
becomes self-trapped. The small polaron can still move by 
hopping, but the mobility is very low (2 x 10-5 cm2/Vs at 298K) 
[34, 39]. Note that this self-trapping is relatively shallow 
because it does not remain localized for long enough to 
undergo the multi-phonon relaxation that results in the deeply 
self-trapped hole commonly referred to in the literature [40].  
   
Figure 1a illustrates the bond distortions associated with a 
small polaron when there is no external applied field. The 
positive charge on the bridging oxygen repels (blue arrows) the 
silicon atoms, which are positively charged due to the polar 



nature of the Si-O bond. It also attracts (red arrows) the back-
bonded oxygen atoms. The result is a somewhat flattened 
tetrahedral SiΞ structure. Fig. 1b illustrates, qualitatively, the 
situation when an applied field is present (big light blue arrow). 
The system becomes asymmetric with the field of the positive 
charge aligns with the applied field on one side and against it 
on the other. Naturally, the forces are strengthened on the side 
with the aligned field (bigger arrows) and weakened on the 
other side (smaller arrows). Of course, the ΞSi-O-SiΞ 
orientations in the amorphous SiO2 film are random and should 
be accounted for. With weakened strength, the bond between 
the silicon atom and the bridging oxygen atom become easier 
to break to form a non-bridging oxygen hole center (NBOHC), 
and a positively charged E’-center where the SiΞO structure (fig. 
1c) is nearly planar [41]. The positive charge on the E’ center 
will quickly detrap and the nearly planar SiΞ structure relaxes 
back to the tetrahedron shaped with a dangling bond (fig. 1d). 
 

 

 
In the absence of an applied field 
 
We first examine the trapping of a hole at the bridging oxygen 
atom without considering the externally applied electric field. 
Before any hole capture, the polar nature of the Si-O bond 
means that there is a net partial negative charge on the oxygen 
atom and a net partial positive charge on the silicon atoms. In 
a SiO2 network, the excess partial charge on various atoms is 
difficult to calculate. Using machine learning to improve the 
accuracy of the empirical interatomic potentials, Novikov et al. 
calculated the partial charges of SiO2 network with reduced 
uncertainty [42]. They found that the partial charge on the 

oxygen atom is –0.48 while the partial charge on the silicon 
atom is +0.96. When the bridging oxygen atom localize a hole, 
it gains a +1.0 charge, or has a +0.52 net charge. 
  
Using semiempirical molecular orbital methods applied to 
finite clusters of atoms, Edwards [43] found the excess charge 
on the oxygen atom is +0.424 after trapping a hole, smaller 
than the +0.52 value before trapping a hole. Given that the 
calculation does not include long range Coulombic interactions 
(implicit given the small clusters), this is likely less accurate 
than Novikov et al’s approach. One can conclude that trapping 
a hole hardly change the charge distribution. Even though the 
trapped hole would attract more negative charges from the Si-
O bond, the effect is very small. It is likely because pulling 
electrons from the bond disturbs not just that bond but the 
whole already highly polar network. 
 
Thus, the trapping of a hole on the bridging oxygen atom 
produces a repulsion between a full positive charge and a 
nearly full (+0.96) positive charge on the silicon atom. 
 
The repulsion energy can be calculated from the potential 
energy (as seen by a test charge, q) of a point charge as a 
function of distance: 
 
                                                                                                         (1) 
 

Where 0 is the dielectric constant of vacuum,  =  is the 
relative dielectric constant of SiO2, r is the distance between the 
two charges. Thus, the repulsion energy is 1 x 0.96 x 0.37=0.355 
eV/nm. The repulsion energy as a function of separation 
(longer bond length) is shown in figure 2. Note that the goal is 
to find the additional repulsive potential when a hole is 
localized on the bridging oxygen, we therefore concern only 
the increase (from equilibrium) in positive charge on the 
bridging oxygen and how it repels the total (not just the 
increase) excess positive charge on the silicon atom. 
 

                                           

The repulsion energy modifies the potential energy between 
the bridging oxygen atom and the silicon as a function of bond 
length by adding to it. Using the extended Mie-Grüneisen 
molecular model of McPherson [23], we get the potential-bond 
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Figure 1 a: A hole is localized at the lone pair state of the bridging oxygen 

atom of the ΞSi-O-SiΞ structure. The positive charge repels (broken blue 

arrows) the silicon atoms with partial positive charge due to the polar 

nature of the Si-O bond. It also attracts (broken red arrows) the back-

bonded oxygen atoms. b: In the presence of an applied field (big light blue 

arrow) the system becomes asymmetric. The silicon atom on one side is 

pushed further away from the bridging oxygen atom (big broken blue 

arrow) while the silicon atom on the other side feels a suppressed 

repulsion (small broken blue arrow). Similar asymmetric forces are felt by 

the back-bonded oxygen atoms (broken red arrows). c: The Si-O bond on 

the side of enhanced stretching becomes easier to break, ending up with 

a positively charged E’ center with flattened SiΞ structure, and a non-

bridging oxygen hole center (NBOHC). d: The positive charge rapidly 

detraps and the resulting SiΞ structure relax back to a tetrahedron with a 

dangling bond. 

Figure 2 The localized hole changes the distribution of the electron of the 

polar Si-O bonds. An increase in positive charge happens on both  the 

bridging oxygen and the silicon atoms. The repulsive potential felt by the 

silicon atom as a function of Si-O bond distance is shown.  
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length relationship shown in figure 3 (Blue curve). To produce 
the blue curve in figure 3, the approach in [23] has been 
followed exactly. So, it is not detailed here. The repulsive 
energy of figure 2 is added to the blue curve to produce the red 
curve which is the potential-bond length relationship after the 
localization of a hole on the bridging oxygen atom. 
 

                  

 
Intuitively, the repulsive energy destabilize the bond and it is 
reflected by a much shallower potential well. The Si-O bond 
length is increased by 0.008 nm or stretched by 4.7%, in 
agreement with the 0.009 nm from ab initio calculation [43]. 
The potential minimum, or the bond energy, is reduced from -
5.4 eV to -3.3 eV, a reduction of 2.1 eV. 
                   
To break the stretched O-Si bond, the Si atom must move 
sufficiently away from the bridging oxygen atom. McPherson 
argued that the silicon atom must move beyond the plane of 
the three oxygen atoms back bonded to the silicon [23, 44]. To 
do so, there is another barrier to overcome: Flipping the SiΞO 
structure.  
 
Following McPherson [23] again, one can calculate the 
potential energy between the silicon atom and the three back-
bonded oxygens in the absence of the localized hole. Fig. 4 
shows the potential energy (blue curve, left scale) which goes 
through a maximum, associated with the point of flipping the 
SiΞO structure. This energy bump must be felt by the silicon 
atom as it moves away from the bridging oxygen. Since at the 
equilibrium position, the effect of all four bonds must be fully 
balanced, we can set the value at 0.17nm to zero. Only the 
variation from the equilibrium point (red curve, right scale) will 
affect the Si-O bond position-energy curve. 

                                    

After adding this energy variation to the potential curve with 
the localized hole, we end up with a potential curve that has a 
plateau from 0.25 nm to 0.28 nm, a location beyond the plane 
of the three back-bonded oxygen atoms (fig. 5, blue plot). At 
this bond distance, the Si-O bond is broken. 
 

                               

In the presence of a localized hole, the electrostatic field 
pushes the silicon atom away (fig. 1a) while also attracts the 
back-bonded oxygen atoms. Thus, the O-Si-O bonding angle 
must reduce which also weaken the Si-O back bonds. This has 
the effect of lowering the barrier of flipping the SiΞO structure. 
To account for these additional factors, the plane of the three 
back-bonding oxygen atoms is moved closer to the silicon 
(flattening the SiΞO structure) by 17% in the calculation. The 
result is the red curve in fig. 5. A decrease in barrier results as 
expected. However, this decrease is small, and it make sense 
because the entire potential change for flipping the SiΞO 
structure is only 0.4 eV (fig. 4). 
 
The significance of the potential plateau is that once the barrier 
is overcome, there is no resistance to further stretch the Si-O 

Figure 4 The blue curve (left vertical scale) is the potential energy of the three 

back Si-O bonds when the silicon atom is moved from one end of the 

tetrahedron through the center to the other end of a flipped tetrahedron. 

The oxygen atoms are assumed to be fixed in space. The red curve (right 

vertical scale) is the change in potential of the Si-O bond with the bridging 

oxygen. The potential at equilibrium bond length is use as zero to emphasize 

the changes experienced by the silicon atom as it moves. 

Figure 5 The blue curve is the potential-location curve of the Si-O bond after 

the additional potential involve in flipping the SiΞ structure to ΞSi as the 

silicon atom is pushed further and further away from the bridging oxygen. 

The red curve is when the attraction between the bridging oxygen atom and 

the three back-bonding oxygen atoms are accounted for. The attraction 

tends to help the flipping process and therefore lowers the additional barrier 

involve in the flipping. 

Figure 3 The blue curve is the potential-location curve of the Si-O based on 

the extended Mie-Grüneisen molecular model of McPherson [23]. The 

orange curve is when the repulsion of the silicon atom by the localized hole 

on the bridging oxygen atom is added. The repulsion raises potential and 

reduces the bond energy as expected. 



bond from 0.23 nm to 0.27 nm – a length at which the 
covalence nature of the bond is destroyed. Furthermore, the 
flipping of the SiΞO structure means achieving the state 
depicted in fig. 1c. 
 

With the applied field 
 
Fig. 1b illustrates a qualitative picture of the effect of an 
external applied field. That figure is redrawn in fig. 6 to 
emphasize the effect of an external field after a hole is 
stabilized on the bridging oxygen atom.  

                  

The bridging oxygen atom is pushed by the field to the left 
while the left silicon atom is being pushed to the right. This 
results in the compression of the Si-O bond, which is prohibited 
by the steep energy rise. The right-hand side silicon atom will 
be pushed away from the bridging oxygen atom. As the silicon 

atom moves, it gains energy  from the Lorentz field (due to 
external field) by 
                      
                                                                                        (2) 
 

where dSi is the excess positive charge on the silicon atom, Elo 

is the Lorentz field and dr is the distance the silicon atom 
moves. The energy gain of the silicon atom moving from the 
equilibrium positive can be added to the bond’s potential-
position curve as reduction in potential. The result is shown in 
fig 7 for external field from 1MV/cm to 9 MV/cm. 
 

                        

The effect of the applied field is relatively small. This may be 
surprising to those who are familiar with the E model [9, 22, 
23]. However, when considering that the field from a trapped 

charge at short distances is much larger than most externally 
applied fields, it starts to make sense.  
 
The torque exerted by the applied field on the dipole moment 
associated with the SiΞO structure has the tendency to flatten 
the structure and help further lower the barrier. However, as 
we have seen from fig. 5, this barrier lowering is small even 
under the field of the localized hole, it can be neglected when 
most of the values considered here are approximations. 
 
Altogether, the localization of a hole at the lone-pair state of 
the oxygen atom lowers the bond-breaking barrier from 5.4 eV 
(fig. 3) to 1.1 eV @ 1MV/cm and 0.97 eV @ 9MV/cm (fig. 7). 
This establishes that the localization of a hole at the bridging 
oxygen atom weakens the strong Si-O bond enough so that it 
can be broken. However, the role of the applied field is not to 
significantly lower the barrier, but instead to greatly increase 
the steady state concentration of the trapped holes (which 
increases the bond-breaking rate). 
 
After showing how the Si-O bond can be broken, most 
modeling efforts would consider the job complete [9, 21, 22, 
23, 29, 31, 32, 44]. However, the potential-location curves 
shown in fig. 7 and similar curves in other models suggest that 
when the trapped charge is gone, the broken bond will heal 
itself rapidly. This is not in agreement with the experimental 
fact that defects created by electrical stress are very difficult to 
anneal [45]. Hence, an additional process must occur to make 
the bond-breaking process far more stable. It is argued here 
that the positive charge located at the silicon in fig. 1c is rapidly 
detrapped and the flattened SiΞO structure, which is sp2 
hybridized, would relax back to a tetrahedron – the preferred 
sp3 hybridization of silicon atom as shown in fig. 1d. 
 
The reason the positive charge on the silicon will rapidly detrap 
can be found from fig. 8 where the Si-O bond potential-location 
curves after the localization of a hole and at the presence of 
applied fields are plotted together with the SiO2 band diagram. 
(Note, the energy scale is from theory [35-38] which often gets 
8 eV bandgap, not the experimental value.) The pristine Si-O 
bond potential-location curve is also shown for reference. As 
shown, the broken Si-O bond (bond length > 0.23 nm) with a 
positive charge is at an energy level very close to the SiO2 
valence band edge for all applied field conditions, indicating 
that the positive charge will quickly move away toward the 
cathode direction.  
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Figure 6: Fig 1b redrawn to high light the applied field’s effect on the atoms 

after they have equilibrated with a trapped hole. 

Figure 7 In the effect of an applied field on the Si-O bond’s potential-position 

curve is very small.  
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Not only the positively charged E’ center will lose the charge 
and relax, but the non-bridging oxygen hole center (NBOHC) 
will also relax. Afterall, the constraint of the Si-O bond is no 
longer there. With both structures relaxed, bringing them back 
together is naturally more difficult because there is a high 
barrier. Thus, the bond-breaking process is irreversible at 
operating temperatures. A high-temperature anneal is needed 
to remove the created E’-center, consistent with experiments. 
 

The Kinetics of breakdown 
 
The bond-breaking mechanism discussed so far relies on the 
transient localization of a hole on the oxygen atom. The 
emphasis here is transient: everything happens during the very 
brief time the hole resides on the oxygen atom. It is not 
commonly thought that holes have a highly mobile nature in 
SiO2. However, even with a mobility of 2 x 10-5 cm2/Vs, it takes 

less than 1 ms to drift-diffuse through a 1 m thick oxide film 
as demonstrated by Hughes [39]. For “thick” gate oxide in the 

10s of nm, the resident time is in s or less. Thus, the bond-
breaking process is in competition with the hole-hopping 
process. This complexity can be ignored by realizing that the 
bond-breaking process is dependent on the steady-state hole 
concentration, Ch, in the oxide film. As the steady state 
concentration of holes is inexhaustible, defect creation 
becomes a zeroth order process. One can write the defect 
creation rate as, 
 
                                                                                                     (3) 
 
where CD is defect density, k is the rate of breaking the bond 
weakened by the localized hole and is given by the Eyring–
Polanyi equation, 
 
  
                                                                                                      (4) 

where Ea is the bond-breaking barrier in eV shown in fig. 7, kB 
the Boltzmann constant, T is temperature in Kevin, h is Plank’s 
constant. 
 

            

 
 
The main source of hole is the anode-hole injection 
mechanism. Figure 9 illustrates the hole injection process. 
Electrons tunneling into the oxide conduction band with a 
fluence Je. They gain energy from the field but lose it by phonon 
scattering. Reaching the anode, the potential drop gives the 
electrons enough energy to cause impact ionization in the 
substrate. Hot electrons and holes are created and the hot 
holes tunnel back into the oxide film with a fluence Jhinj. Holes 
transport across the oxide with a drift-diffusion velocity v and 
flow out of the oxide film to the cathode with a fluence Jhout. At 
steady state, 
 
                                                                                                      (5) 
 
which can be rewritten as, 
 
                                                                                                      (6) 
or  
                                                                                                      (7) 
 

where Je is the electron fluence arriving at the anode,  is the 
hot hole creation efficiency (impact ionization coefficient), and 
Th is the probability of the hole tunneling back into the oxide, 

Ch is the hole concentration in the oxide, and h is the hole 
mobility. 
 
For thick oxides, electrons arrive the anode with approximately 

the same energy regardless of the applied field (fig. 9a). Thus 

both  and Th are independent of field. There is also a well-

established constant Ch region in the oxide film (fig. 9b). Je is 
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Figure 9 a: Illustration of the anode-hole injection. Electrons tunnel into 

the SiO2 conduction band with a fluence of Je. The electrons gain energy 

from the electric field but lose energy by phonon scattering until it reaches 

very close to the anode where it gains substantial energy from a potential 

drop. The energetic electrons produce hot electrons and hot holes 

through impact ionization in the substrate. The hot hole back tunnel into 

the oxide with a fluence Jhinj. It travels toward the cathode as small 

polarons via variable range hopping and finally tunnel into the cathode 

with a fluence Jhout. b: The steady state hole concentration, Ch, in the oxide 

film from cathode to anode. It is uniform through most of the oxide 

thickness and drop rapidly near the cathode. 

Figure 8 The calculated potential-location curve for the Si-O bond (Thick 

blue curve) and the curves after the localization of a hole at the bridging 

oxygen atom and the presence of applied fields (thinner curves) are 

plotted along with the theoretical band edges. The bottom of the thick 

blue curve is the Si-O bonding orbital which is 3 eV below the valence band 

edge of SiO2. With the localized hole and the applied field, the stretched 

(broken) Si-O potential is very close to the valence band edge.  
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given by the well-known Fowler-Nordheim (FN) tunneling 

equation [46], 

                                                                                                   (8) 

where, for electron injection barrier B = 3.1 eV, 

 

 

 
 
 
 
 

with m being free electron mass, mOX = 0.43m being effective 
electron mass in the oxide. 
 

Combining (3), (7) and (8), we get, 
 
 

                                                                                                                   (9) 
 

 
as the defect creation rate. A constant KC is added to reflect 
that only some ΞSi-O-SiΞ are aligned with the applied field.  
 
From fig. 7, we can see that the bond-breaking barrier is largely 
independent to the applied field E. We can use (4) for k and set 
KC = 1, we get 
 
 

                                                                                                      (10) 
 

or 
                                                                                                      (11) 
 
 
where 
 
 
Equation (11) is the main result of the new model. It gives the 
defect creation rate as a function of the electric field. To 
compare its prediction with experimental data in the literature, 
it needs to be written in the form of time to breakdown. We 
write, 
 
                                                                                                        (12) 
 
 
where CDC is the critical defect density to breakdown, TF is time 
to breakdown. Rearranging (11) and (12), we get, 
 
 
                                                                                                        (13) 
 
 

and 
                                                                                                         (14) 
 
The middle form of (13) emphasize the role of hole 
concentration when the barrier (therefore k) is constant. An 
experiment [18] found that at 8MV/cm stress of 25 nm oxide, 
a flat band shift of ~ 1V resulting from hole-trapping, which 
translates to a steady-state hole concentration, Ch, of ~1 
mC/cm3, or ~1016/cm3. The k term, according to (4) for barrier 
height of 0.98eV (fig. 7), is 1.7 x 10-5. We therefore have, at 
8MV/cm,  
 
 
 
If the critical defect density is 1 x 1019/cm3 (for capacitor size of 
10-3cm2), it takes 5 x 107 seconds to break. This is reasonable 
for breakdown that has not been shortened by extrinsic 
defects. Thus, this numerical example illustrates that the Si-O 
bond weakening by a localized hole can indeed be sufficient to 
produce a bond breaking rate commensurate with experiment. 
 
Experimental data usually plot lnTF versus E or 1/E. If we 
differentiate ln(TF) w. r. t. E, equation (14) should give, 
 
                                                                                                        (15) 
 
If we differentiate ln(TF) w. r. t. 1/E, equation (14) should give, 
                                                                                                        (16) 
 
Fig. 10 plots the calculated slope for 1/E dependent (fig. 10a) 
case and E dependent (fig. 10b) case, along with many reported 
experimental values from the literature [47-61].  
 

 

 
 
Note that experimental values scatter significantly, reflecting 
the quality variation of the oxides under study. Additionally, 
most experiments did not have good enough statistics to 
extract reliable slopes. Given that, the predicted slopes are in 
reasonable agreement with experiments. Note that equations 
(15) and (16) have no fudgeable quantities. The combination of 
a reasonable predicted breakdown time and field acceleration 
is a strong statement to the correctness of the model that oxide 
breakdown is driven by the steady state hole concentration. 
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Figure 10 Predicted slopes for plotting lnTF vs 1/E (a) and vs E (b). Circles 

with enclosed number are extracted data from literature (number is the 

reference) [47-61]. Each experimental value is extracted from a range of 

field. The middle of that range is used as the X coordinate.  
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For the E dependent cases, the predicted slope varies 
significantly with applied field. However, most experiments are 
done within a narrow range (7 MV/cm to 10 MV/cm) of field, 
so observing an apparent constant slope is reasonable.  
 
For thick oxides, the terms that make up Ch in (7) are largely 

temperature independent, except h which increase with 
temperature. Being a variable range hopping mechanism, this 
temperature dependent mobility can be express as [62], 
 
                                                                                                        (17) 
 

which is a relatively weak function. Here, h0 is the hole 
mobility at T0. However, it will still reduce the temperature 
effect by counter-acting (high mobility means lower hole 
concentration and slower defect creation) the increase in 
bond-breaking rate. It will increase the extracted activation 
energy from experimental data. 
 
When the gate oxide is thin, electron injection changes from FN 
tunneling to direct tunneling. The energy of the electron 
arriving at the anode is directly linked to the applied voltage. 

The impact ionization coefficient, , drops exponentially with 
the electron energy. Simultaneously, the hot hole energy also 
drops, causing the hole tunneling probability to decrease 
exponentially as well. Thus, the Jhinj drops exponentially with 
applied voltage, so will Ch. In addition, when the gate oxide is 
thin, the variable range hopping process breaks down as more 
holes tunnel directly to the cathode and the effective mobility 
becomes larger. For very thin gate oxides, part, if not all, of the 
thickness is in this regime and Ch is effectively smaller. The 
combined effect of direct tunneling, exponential decreasing 
Jhinj with applied voltage, and the increase in effective mobility 
is that the defect creation rate becomes a strong function of 
the applied voltage and that the defect creation per injected 
electron drops exponentially with the applied voltage. This 
matches experimental observations [63, 64]. 
 
Not all hole transport through the oxide can cause defect 
generation. Holes that tunneling directly across, such as hole 
tunneling injection from p-FET with ultra-thin gate oxide, 
would not produce defect. Only those that transport along the 
top of the oxide valence band as small polaron will produce 
defect. For the p-FET with thin oxide case, electron tunneling 
in the opposite direction can produce hot hole that transport 
at the top of the valence band. Degradation still occurs, but at 
a slower rate. 
 

Further discussions 
 
The above analysis shows that the movement of holes in the 
oxide as a small polaron can greatly increase the probability of 
Si-O bond breaking without invoking any defect-precursors, 
and the time to failure slope is reasonable comparing to 
experiments. In the discussion of the hydrogen release model 

earlier, we pointed out that if the released hydrogen is a 
proton, it can act like a hole, and the model established here 
may also apply. However, there is a big difference between 
injected holes and released protons. Injected holes are an 
inexhaustible source while released hydrogen is a limited 
source. For the hydrogen release model to work, the released 
hydrogen must be able to drift-diffuse and only the steady 
state concentration will support bond-breaking by lowering the 
barrier. Only a small fraction of the limited released hydrogen 
is effective. There will quickly be a hydrogen source depletion 
problem. 
 
While it is argued here that defect creation leading to 
breakdown must not rely on preexisting defects or defect-
precursors, it does not mean that they do not cause bond-
breaking. They just don’t have sufficient density to be the main 
cause of breakdown. Some defects or defect-precursors can 
speed up the breakdown process by locally increasing the 
electron fluence via trap-assisted-tunneling (TAT) if they 
happen to have the right energy level and are located at the 
right distance from the interface. However, this faster 
breakdown mechanism is not uniform. It will cause the 
breakdown distributions to have Weibull slopes deviating from 
the percolation model, as demonstrated recently [65, 66]. 
 
Note that while the model discussion focuses on SiO2, the 
physics is not unique to SiO2. Indeed, it applies to any charge 
transport through dielectric in the form of small polaron. This 
clearly include, but not limit to, most oxides. 
 
Note also that while majority of holes transiting the oxide at 
the top of the valence band as small polarons, some will be 
trapped at existing defect sites (hole-traps). These hole-
trapping processes are too low in concentration to be the cause 
of breakdown, but are responsible for phenomena such as bias-
temperature-instability. 
 

Conclusions 
 
In summary, a new gate oxide breakdown model is proposed. 
It does not rely on any pre-existing defect or defect-precursor. 
Instead, all the oxygen atom sites in the SiO2 system can be the 
bond-breaking site. Thus, the problem that plagues all previous 
gate oxide breakdown models, namely precursor depletion, is 
resolved. Holes traversing the oxide film as small polarons are 
the culprit. They transiently localize at the lone pair state of 
bridging oxygen atoms and weaken the Si-O bonds to 
drastically increase the probability of the bonds being broken 
over time. The role of the external applied field is mainly to 
increase the steady state hole concentration in the oxide film, 
not to speed up bond breaking through barrier lowering. 
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