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Dielectric breakdown is the process of local materials transiting from insulating to conductive when
the dielectric is submerged in a high external electric field environment. We show that the atomistic
changes of the chemical bonding in a nanoscale breakdown path are extensive and irreversible.
Oxygen atoms in dielectric SiO2 are washed out with substoichiometric silicon oxide �SiOx with
x�2� formation, and local energy gap lowering with intermediate bonding state of silicon atoms
�Si1+, Si2+, and Si3+� in the percolation leakage path. Oxygen deficiency within the breakdown path
is estimated to be as high as 50%–60%. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2974792�

Dielectric breakdown is a universal process that lies un-
der a broad variety of natural phenomena, from corona dis-
charge to thunder lightning, as well as man-made electrical
devices such as laser printer and disruptive components in a
circuit.1 Mathematical models2 have been made available to
explain the randomness and fractal nature of a breakdown.
Dielectric breakdown model typically describes the macro-
scopic behavior combining diffusion-limited aggregation
with electric field for solids, liquids, and gases. Despite the
success of the mathematical models, these phenomenological
descriptions failed to reveal fundamental physical mecha-
nism responsible for an insulating material transforming into
a conductive path locally at the breakdown site. The lack of
understanding on the physical process of a breakdown is
largely due to the difficulties involved in determining and
analyzing the microscopic breakdown path within the dielec-
tric materials.

The experimental challenges pose two key difficulties to
overcome. First, the nanoscale breakdown path needs to be
accurately located and isolated for analysis. Depending on
the analytical tools chosen, sample preparation plays an im-
portant role in the analysis process. Not only that the size of
the breakdown path is only a few nanometers in diameter,
but also the dielectric breakdown spot is buried underneath
the electrode, such as metal line conductors and protective
insulator coatings. Second, despite the efforts over the
years,3–5 the nature of a breakdown percolation path remains
unknown today and there is no simple way to know whether
the sample prepared contains the percolation path. Since the
percolation path is typically invisible under the analytical
tools used, a clear signature or nanomarker must be present
to aid the navigation and eventually confirmation of the ex-
istence of a percolation path.

To overcome the above difficulties, a proper sample
structure must be used to aid and identify the breakdown
location for sample preparation, and subsequently to navi-
gate to the breakdown spot even though the breakdown
path is invisible under a microscope. The metal-oxide-

semiconductor transistor is an ideal structure for dielectric
breakdown studies. The electrical behaviors of the dielectric
layer are easily characterized using the four electrodes of the
transistor. The size of the transistor can be selected to be as
small as a typical transmission electron microscopy �TEM�
sample thickness so that a breakdown spot can be obtained.
Moreover, dielectric breakdown due to electrical stressing or
testing can trigger damages to the physical integrity and mi-
crostructure in the surrounding of the breakdown spot of the
device.6,7 It was demonstrated that dielectric breakdown in-
duced epitaxy �DBIE� marks an important physical signature
of breakdown location where the invisible percolation path
can be located unambiguously.8,9 Figure 1 shows the TEM
and scanning transmission electron microcopy �STEM�
cross-sectional views of a four-electrode transistor with a
breakdown in the silicon dioxide dielectric layer. The elec-
trical location of the leakage path is at the center of the
channel length �0.5L, where L is the effective channel length�
measured using a current separation method.10 The high res-
olution TEM �HRTEM� lattice image, Fig. 1�b�, shows the
2 nm gate oxide at the breakdown location with a DBIE
identified and delineated. Figure 1�c� is the corresponding
STEM annular dark field �ADF� image. As shown in Figs.
1�b� and 1�c�, the percolation path directly atop of DBIE is
invisible in ordinary TEM/STEM imaging modes.

Subsequently, electron energy loss spectrometry �EELS�
analysis was performed at the breakdown location �i.e.,
above the DBIE�, in an attempt to analyze the chemical na-
ture of the percolation path. Figure 2 illustrates the close-up
view of the sample configuration and beam-sample interac-
tion. STEM/EELS spectra were collected using point-to-
point vertical scan across the dielectric layer at the break-
down site and at the nonbreakdown site. Figure 3 shows the
background corrected Si L2,3 edge spectra from three differ-
ent positions, including a spectrum at a nonbreakdown
oxide/Si interface �short-dashed line� for comparison. The
spectrum for a nonbreakdown �normal� gate oxide �dash-
dotted line� has a Si4+ bonding characteristic between 106
and 108 eV,11 with a shoulder peak extended down to 100
eV. The additional energy states that appeared below 106 eV
are attributed to the delocalized signals12,13 from the inter-
face suboxide,11 which can also be seen in the spectrum from
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the oxide/substrate interface. The Si L2,3 edge for the break-
down oxide �solid line� as compared to the nonbreakdown
oxide �dash-dotted line� shows reduced intensities at 108 eV
�Si4+� but increased intensities between 100 and 105 eV �Si0

and intermediate oxidation states Si1+, Si2+, and Si3+�. From
our momentum resolved density of states �DOS� calculation
�not shown� using all electron density functional theory per-
formed on �-quartz SiO2, the effect of oxygen vacancy will
lower the s-states14 at 108 eV but create more s - and d-states

below 106 eV, which agree with the current experimental
observations. The obvious increase in the EELS intensities
from 100 to 105 eV suggests the presence of Si atoms coor-
dinated with less than four oxygen atoms �i.e., suboxide�
and possible Si nanoscopic clustering.11 The edge onset
��100 eV� for the breakdown oxide is shifted to a lower
energy of about 0.6 eV �indicated by arrow�, possibly due to
local conduction band offset lowering.15

The O K edge core-loss from the bulk oxide �solid�, and
the nonbreakdown �dashed� and breakdown �dash-dotted�
gate oxides are presented in Fig. 4. The first absorption peak
at 537.8 eV as shown for the bulk oxide �solid line� is origi-
nated from the multiple scattering16 of the ejected O 1s elec-
tron to its six second-nearest neighboring O atoms �first O
shell�.17 It can be directly related to the local conduction
band electronic properties.18 The spectrum for the nonbreak-
down gate oxide �dashed line� has the same absorption peak
at 537.8 eV. However, the rising portion of the edge onset at
�530 eV is shifted to a lower energy as compared with the
bulk oxide �solid line�. This is likely due to the delocalized
scattering from the interface suboxide, which lowers the con-
duction band minimum.17,18 The reduced edge onset is also
observed for the breakdown gate oxide �dash-dotted line�. It
is thus difficult to distinguish, from the O K edge study for
ultrathin gate oxide with signal delocalization, if the break-
down oxide has induced a local conduction band lowering.
Comparing the first peak position between the nonbreak-
down and breakdown gate oxides, the peak position shifts
from 537.8 to 536.3 eV upon breakdown. It is believed that
such shift is a result of conduction band p-DOS redistribu-
tion within the percolation path. Note that a redshift �to a
lower energy of about 4 eV� is observed in the second ab-
sorption peak ��560 eV� for both breakdown and nonbreak-

FIG. 1. TEM/STEM cross-sectional views of a transistor with dielectric
breakdown. �a� Low magnification TEM cross-sectional image of a failed
transistor �W�L=0.15�0.2 �m2� after electrical stress Vgstress=4.3 V
�step 1� and 3.2 V �step 2� with gate compliance current limit Igl=10 �A
�step 1� and 200 �A �step 2�. The electrical stress is performed at room
temperature while keeping other electrodes grounded. The breakdown loca-
tion measured electrically is at the center of the channel length �0.5L, where
L is the effective channel length�, as highlighted in the dotted circle. �b�
HRTEM lattice image of the breakdown location. DBIE is marked and the
oxide area on top of the DBIE bump is displayed. The gate oxide is a 2.0 nm
nitrided amorphous SiO2 �N%�3%�. �c� ADF image of the breakdown
location. It shows no difference for the oxide area on top of the DBIE bump
as compared to the nonbreakdown oxide.
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FIG. 2. �Color online� Schematic of the STEM-EELS point-to-point scan
across the gate dielectric layer at breakdown and nonbreakdown locations.
The percolation path is located at the oxide areas on top of the DBIE.
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FIG. 3. �Color online� The background corrected Si L2,3 edge spectra from
breakdown �solid� and nonbreakdown �dash-dotted� gate oxides and
oxide/Si interface �short-dashed�. The breakdown oxide shows less Si4+ sig-
nals at 108 eV but more Si0 and Si intermediate oxide state signals below
106 eV as a result of oxygen deficiency. The inserted figure shows the
enlarged plot from 105 to 110 eV for breakdown and nonbreakdown oxides.
The arrow indicates the edge onset lowering of 0.6 eV for breakdown oxide.
The EELS measurements were performed on a FEI-TITAN 300 kV TEM/
STEM. The probe size was set to be approximately 4 Å in diameter and the
EELS energy resolution is 1.5 eV with a 0.3 eV/channel dispersion �600 eV
energy range�. The spectra collected from the central region of the gate
oxide at breakdown and nonbreakdown locations are extracted for
comparison.
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down gate oxides. This shift originates from the presence of
stretched O–O bonds19–21 in ultrathin gate oxide and was not
affected by the breakdown.

The breakdown gate oxide as compared with the non-
breakdown gate oxide shows significantly lower O K core-
loss signals. The decrease in the intensity arises from the
missing O atoms17 at the breakdown site. The deficiency of
O atoms within the breakdown SiO2 can be calculated using
the core-loss signal intensities.22 The Si/O ratios are calcu-
lated using the respective edge intensities for the breakdown
oxide while using the nonbreakdown oxide calibrated as
SiO2 with Si /O=1 /2. The oxygen deficiency within the
breakdown path calculated using this approach is as high
as 50%–60%. From the results shown in Figs. 3 and 4, the
intensity change in the Si L2,3 edge is minimum compared
with the O K edge. This suggests that oxygen depletion, in-
stead of silicon accumulation, is the chemical and atomistic
mechanism responsible for the ultrathin SiO2 oxide break-
down path formation.

In summary, the site-specific structural analysis using
STEM-EELS was performed on dielectric breakdown perco-
lation path. The results show that oxygen deficiency is the
key signature for the structural change at a molecular level in
the breakdown path. Chemical bond breakage and the local

Joule heating due to large current surging through the perco-
lation path are believed to be the main driving forces leading
to the oxygen dissociation and washout. Since different num-
bers of oxygen atoms at the nearest neighbors result in dif-
ferent local energy gaps, it is believed that the local energy
gap at the breakdown path could have collapsed after the
removal of oxygen atoms and there is a rearrangement of
local atomic structures. The presence of a nanoscopic con-
duction path is therefore possible in the highly oxygen defi-
cient breakdown oxide. Such understanding will be critical to
the development of dielectric systems made from polymeric,
ceramics, low-�, and high-� materials for future device ap-
plications.
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FIG. 4. �Color online� The background corrected O K edge spectra mea-
sured from bulk oxide �solid� and breakdown �dash-dotted� and nonbreak-
down �dashed� gate oxides. The first peak position �537.8 eV� shifts to a
lower energy �536.3 eV� as a result of conduction band p-state redistribu-
tion. The arrow indicates the edge onsets for nonbreakdown gate oxide is
lowered as compared to the bulk oxide. Si/O ratio was quantified using the
edge intensity integrated from 99 to 129 eV for Si L and from 532 to 542 eV
for O K. The missing of O atoms at the breakdown area is reflected from the
lowered intensities �dash-dotted line�. The ratio for the breakdown oxide is
SiO0.9 normalized using the nonbreakdown oxide as SiO2. However, this
value is underestimated due to the difference between the percolation path
diameter and the TEM sample thickness.
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