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Abstract—Recent studies have clearly shown that oxide defects
are more complicated than typically assumed in simple two-
state models, which only consider a neutral and a charged state.
In particular, oxide defects can be volatile, meaning that they
can be deactivated and re-activated at the same site with the
same properties. In addition, these defects can transform and
change their properties. The details of all these processes are
presently unknown and poorly characterized. Here we employ
time-dependent defect spectroscopy (TDDS) to more closely study
the changes occurring at the defect sites. Our findings suggest
that these changes are ubiquitous and must be an essential aspect
of our understanding of oxide defects. Using density-functional-
theory (DFT) calculations, we propose hydrogen-defect interac-
tions consistent with our observations. Our results suggest that
standard defect characterization methods, such as the analysis
of random telegraph noise (RTN), will typically only provide
a snapshot of the defect landscape which is subject to change
anytime during device operation.

I. INTRODUCTION

The first observation that oxide traps are more complicated
than assumed in simple two-state models (neutral vs. charged)
was made twenty-six years ago in random telegraph noise
(RTN) studies [1]. There it was observed that the RTN signals
could occasionally disappear and reappear, a phenomenon
termed anomalous RTN. Although this anomaly was only
observed in 4% of the defects, it was suspected that this
relatively small number was primarily due to experimental
restrictions and that in fact a much larger number of defects
could be affected. Similar observations related to disappearing
and reappearing defects have been recently made in the context
of the bias temperature instability (BTI) [2, 3]. This is because
charge traps responsible for RTN also form a significant
contribution to BTI [4–7]. In particular, it has been shown by
several groups that upon repeating charging and discharging
cycles, the average number of active oxide defects in large-
area devices can decrease [6–9], particularly under harsher
stress conditions. However, the detailed dependencies and the
nature of the chemical reactions leading to this defect volatility
have not yet been explored. Furthermore, NBTI stress was
shown to increase the noise level in large-area devices [10, 11],
presumably by increasing the number of active traps producing
RTN. On the other hand, in small-area devices NBTI stress can
both increase and decrease the number of defects producing
RTN [3].
In our recent single-defect time-dependent defect spec-

troscopy (TDDS) studies we have already repeatedly come
across disappearing and reappearing defects [2], which were
thus quite challenging to characterize [12]. So far, we had
only observed defects disappearing into a neutral state. Quite
recently, evidence of defects transforming into a quasi-
permanent positive state was presented [13]. However, no sys-
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Fig. 1. The TDDS Setup: Initially, a reference ID/VG curve for the
conversion of ΔID to ΔVth and a reference trace to check for initial instabilities
are measured (IV/Ref). Then, the device is stressed and recovered N times
and the recovery traces are analyzed for discrete steps. The last value of the
recovery trace, L, provides an indication about ‘permanent’ changes in ΔVth.
Optionally, a bake step is introduced, typically at 350◦C to presumably anneal
the device.

tematic study of these intriguing phenomena is available yet.
Here we summarize our efforts toward a better understanding
of defect volatility and transformation, both experimentally
and theoretically using TDDS and density-functional (DFT)
calculations. The samples used in our study are nanoscale
SiON pMOSFETs used previously [12].

II. EXPERIMENTAL

In our previous TDDS studies, defects have been mainly
analyzed in terms of the bias and temperature dependencies
of their capture and emission times (τc and τe). These time
constants are widely distributed and definitely extend well
outside feasible experimental windows of microseconds up to
hours [2, 11, 14]. Volatility and transformations typically occur
on much larger time scales and have so far been considered
parasitic second-order effects. As of yet, however, no dedicated
experiments have been performed to further elucidate these
processes.
In typical TDDS experiments the stress/recovery voltages

and times as well as the temperature are varied over wide
ranges dictated by the primary goal of extracting the bias and
temperature dependence of the time constants. However, in
order to best study defect transformation processes it appears
more sensible to repeat the same experiment at constant
stress/recovery voltages, times, and temperatures over and over
again for many days to allow for the detection of changes
in the defect behavior. In our case, we used moderate stress
voltages (typically −1.7V, corresponding to an oxide field of
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Fig. 2. Example TDDS spectral map for device I. Defect I1 was stable for
the duration of the measurement (4.5 days, repeated 1 to 100s stress, 1 to
100s recovery, ≈ 5MV/cm), defect I2 was strongly volatile.
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Fig. 3. Top: Typical emission pattern of defect I2 during the first 1.5 days
(ts/tr = 100s/100s with τc = 400ms). A red circle means that the defect
emitted a charge after a stress pulse. Since the stress time was 250 times
longer than the average capture time, the capture probability would be close
to 1. The gray areas highlight the traces where no emission was recorded
from this defect despite the large capture probability. The blue line shows L,
the value of ΔVth at the end of the recovery trace (at 100s in the above case)
Bottom: After 1.5 days, I2 disappeared and a permanent contribution in L of
the same magnitude was observed, meaning that I2 likely transformed into a
fixed positive charge.

about 5MV/cm) and temperatures (125◦C) in order to provide
information relevant at use conditions. This TDDS setup is
schematically shown in Fig. 1 together with an optional bake
step, all automatically performed in a computer-controlled
mini-furnace. The optional bake steps, typically performed
for 1h at 350◦C, are motivated by the observation that in
large-area devices such a bake restores the initial state prior
to degradation [15, 16]. Furthermore, it has been observed
that upon repeated stress/recovery cycling the amount of
recoverable defects typically decreases with time [6, 7, 9, 17,
18], which is the macroscopic (large area) equivalent of defect
volatility. In large-area devices it has been found that baking
can also reverse this net loss of defects [12]. As those baking
studies have been performed on large-area devices, we may
expect this to also hold in small-area devices, at least on
average.

III. RESULTS

The defects visible in a few devices were monitored on
average for several weeks each, using a TDDS scheme as
shown in Fig. 1. An example TDDS spectral map of device
‘I’ with two dominant defects is shown in Fig. 2. Even in a
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Fig. 4. The emission pattern of defect I2 shown in Fig. 3 but on larger time
scales. Top: Initial experiments with shorter stress/relaxation times (ts/tr =
1s/10s). Bottom: The activity of I2 during the whole experiment on device
I: after an initial phase of strong volatility, I2 transformed into a fixed positive
state.
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Fig. 5. The complementary cumulative distributions (CCDFs) of the extracted
deactivation/activation times of defect I2 appear to depend on a combination of
stress and recovery times. In the above experiments, the recovery times were
always 100s while the stress times were varied between 1 and 100s. While
the deactivation times are roughly independent of ts and follow an exponential
distribution (τ ≈ 210, 230, and 310s), activation appears to require at least a
stress of about 10s.

relatively short time span of a couple of weeks per device only
40% of the defects showed no volatility. The defects that did
show volatility did so on widely distributed timescales, starting
from defects that were deactivated and reactivated within
hundreds of seconds up to those which simply disappeared
or appeared after weeks (or many months, as seen previously
[12]).
As an example of a highly volatile defect, defect I2 (cap-

ture/emission times of 10ms/1s) is shown in Fig. 3. I2 had
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Fig. 6. Volatility was found to occur on widely distributed timescales. For
example, the volatility of defect K2, which was significantly less frequent than
that of I2, can also be well fitted by an exponential distribution, consistent
with a reaction-limited process [19, 20].
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Fig. 7. Top: Typical emission pattern of defect J1 during the first 4.5 days.
Bottom: After about 4.5 days, defect J1 disappeared and a nearly twice as
high permanent contribution to L was created, possibly a depassivated Si-H
bond at the interface (Pb-center) [21, 22].

widely distributed activation and deactivation times averaging
around 1ks. In particular, I2 was activated/deactivated more
than hundred times before it ‘permanently’ disappeared into a
positive state, see Fig. 4. Interestingly, this positive state had
the same contribution to ΔVth as the active defect, indicating
that both the active defect as well as the permanent positive
charge are at the same location. The recorded distributions of
this fast activation/deactivation process are shown in Fig. 5.
Interestingly, the deactivation time of this defect was expo-
nentially distributed with the mean depending only weakly
on the stress time. This would be consistent with a defect
reaction occurring at the defect site that is not limited by the
availability of other reactants. The (re)activation time, on the
other hand, was found to be exponentially distributed only for
stresses longer than about 10s. As an example for a defect
with much larger activation/deactivation times, defect K2 is
shown in Fig. 6. We note that as these changes are most
likely thermally activated processes [12], these times specific
to 125◦C will be much longer at room temperature.
As an example for an apparently regular defect which

initially showed no signs of volatility, defect J1 is shown in
Fig. 7. After 4.5 days, however, it suddenly seemed to have
disappeared, triggering a significantly higher ΔVth in the last
value of each trace, L. At closer inspection (by increasing the
number of traces from N = 100 to N = 1000), the occasional
emission events of the same step-height as those of J1 could
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Fig. 8. Transformations of J1 during 8 days of measurement. After 4.5
days, τc changed spontaneously from 3s to 200s (see Fig. 7) and remained
stable for 2 days. By repeatedly baking for 1h@350◦C, τc could be randomly
switched between 3s, 20s, and 200s.
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Fig. 9. Two other typical emission patterns of defect J1 observed in between
bake steps. Top: The state with τc � 20s, which was most often observed
(55%). Bottom: The state with τc� 200s was least frequently observed (18%).
Compare this to the initial state with 3s (27%) as shown in Fig. 7.

be identified as a regular first-order process with an about 66%
larger capture time but roughly the same emission time as that
of the original J1. We assign these events, which were stable
for 2 days, to a transformed J1. When checking whether baking
could restore the initial J1, we found another value of τc, now
at 20s. Interestingly, the 11 subsequent bake steps randomly
cycled τc between the values 3, 20, and 200s, see Figs. 8 and
9. Similar behavior was seen quite regularly in other devices.
This included defects which could be cycled between 2-3
‘configurations’, defects which could not be charged once for
a long time, and cases where the defects appeared sometime
during the experiment (and possibly also disappeared at a later
point).
Yet another behavior was seen in defect J2: this defect,

when left at the recovery voltage for a long enough time
(about 10s), spontaneously transformed into a fixed positive
state, see Fig. 10. While this transformation could be pre-
vented by a quick re-stress, once transformed, the defect no
longer reacted to the TDDS charging/discharging voltages, see
Fig. 11. We observed that the time needed for transformation
could be significantly reduced at more negative gate bias, cf.
Fig. 12. Intriguingly, the transformed positive defect could be
reactivated by a short pulse into accumulation (e.g. 1V for
1s), likely due to an electron capture event, see Fig. 13. After
18 such re-activations, J2 disappeared into a neutral state and
could not be restored even by 32 bake steps.
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Fig. 10. Defect J2 showed a rare kind of volatility: from the neutral activate
state, the defect could transform into a fixed positive state in about 1-5s. This
could be prevented by keeping the relaxation time short.
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Fig. 11. Two TDDS measurements of J2 taken at different readout voltages.
Once a transition into a fixed positive state occurred (visible in the last value
of the recovery trace, L), J2 no longer reacted to charging/discharging cycles.

IV. DISCUSSION

We summarize the rich spectrum of experimentally observed
features:

(i) Most defects showed volatility, ranging from relatively
fast changes (kiloseconds on average) up to many weeks
(and probably longer if we had taken more time to wait).

(ii) Even though the activation/deactivation times were found
to be relatively large and therefore the number of recorded
events small, the process seems to be consistent with a
reaction-limited process.

(iii) Defects can become temporarily inactive both in a neutral
and a positive state. From that temporarily inactive state,
some defects may be activated for instance by a bias pulse
toward accumulation (electron injection).

(iv) The capture time constants of defects can change, either
spontaneously or as a response to a bake step. While it is
conceivable that both the capture and the emission time of
a defect change, identification of such a scenario is more
difficult, since the emission time is a primary fingerprint
in spectral maps such as the one shown in Fig. 2.

(v) And finally, defects can permanently disappear, also both
into a neutral and a positive state. Once disappeared, it
may be possible that the defect is reactivated either by a
bake step or by chance/spontaneously. However, in some
cases even a larger number of bake steps did not reactivate
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Fig. 12. The average transition time into the fixed positive state of J2
decreases exponentially with increasing negative bias. This is consistent with
the idea that this process is related to hole trapping from the channel.
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Fig. 13. Using a pulse into accumulation, we could 18 times reactivate J2
from the fixed positive state into the active state (10 examples pulses shown
above, 5 of them successfully reactivating the defect). Then, J2 disappeared
into a neutral configuration and could not be reactivated even by 32 bake
steps.

the defect. Whether this a consequence of insuffient
baking (too short or with a too low temperature), or
another fundamental effect remains to be clarified.

All of the above listed changes at the defect site strongly
suggests an involvement of the ubiquitous hydrogen, which
has been linked to various reliability issues [24–29]. Also, in
our previous DFT studies [12, 23] where we compared theo-
retical predictions to TDDS experiments, we have identified
hydrogen-related E ′-centers as interesting defect candidates.
One of these candidates, the hydroxyl E ′-center [30], is shown
in Fig. 14 (right) together with a few possible ways it may
interact with H and H2 (left). In particular, arrival of H0

will passivate the defect while the arrival of another H0 will
reactivate it and release H2.
The primary question here relates to the source of atomic

or molecular hydrogen. It has been shown a long time ago
that atomic hydrogen either dimerizes or binds to some
oxide sites at temperatures larger than about 130K [31] and
should therefore not exist as a free agent in our experiments.
Nonetheless, it has been confirmed many times that even ‘dry’
oxides contain a massive amount of hydrogen, possibly in the
excess of 1018 or even 1019 cm−3 [31, 32], albeit in bound
form. A number of experiments have suggested that some of
this hydrogen can be released as H0 during bias temperature
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atoms (top) or none (bottom). Shown are
also possible mechanisms that activate the
defect by interaction with atomic or molec-
ular hydrogen.

The four states of the hydroxyl E ′ center: In the neutral configuration 1, a hydroxyl group sits at the left Si while
the other carries a dangling bond. After hole capture, in state 2’, the dangling bond has lost its electron and
reforms the Si-O-Si bridge, resulting in the typical proton sitting on a bridging O. In state 2, the right Si moves
through the plane of its O neighbors, forming a bond with the O in its back. In state 1’, the dangling bond is
restored but points into the other direction. By various interactions with hydrogen the defect can be transformed
into a precursor state (left). Only the most likely interactions according to DFT are shown, e.g. the transition
from 02 to 1 by the release of H is omitted (see the large barriers in Fig. 15).
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calculations in an amorphous oxide for various defect sites. Top: H can
spontaneously passivate active defects (transition 1→ 02). Bottom: Another
H can (with a negligible barrier) re-activate the defect again (transition 02
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fact that all defect sites are different. Nuclear reaction analysis demonstrates
[38, 41] that H moves from the gate towards the channel during NBTI stress.
Not shown are the interface states created at the channel interface during
long-term stress.

stress, most likely from the gate interface of the oxide, see the
classic ‘hydrogen-release’ models [21, 33–35]. This hydrogen
can then move towards the channel [36–38] where it can
interact with defects and channel-dopants in numerous ways.
In order to check the plausibility of this hypothesis, we

performed DFT calculations in large amorphous SiO2 struc-
tures containing 216 atoms. The structures were created using
ReaxFF [39] and optimized using a non-local PBE0 TC LRC
hybrid functional as implemented in the CP2K code [40].
According to these DFT calculations, see Fig. 15, atomic
hydrogen can spontaneously passivate the dangling Si bond
at the hydroxyl E ′-center [23]. Although this process could in
principle be diffusion-limited if the barriers for the hydrogen-
defect reactions are small, reported diffusion constants of H
and H2 are so large [31] that it is unlikely that such cases can
be resolved experimentally. We therefore speculate that the
measured activation/deactivation times are either limited by the
time taken to release hydrogen for instance at the gate interface
or by the barrier at the defect site preventing the reaction. Once
the defect is deactivated by a hydrogen reaction, another H
reaching the site would re-activate that defect again [30], see
defect I2. Alternatively, H2 and H could attack a strained Si–O
bond to form an active defect/passivated precursor (Fig. 16)
which could create a new defect at a suitable precursor site.
Although the barriers vary significantly from site to site, they
are relatively large with about 1-2eV, making such a process
rather reaction- than diffusion-limited.
This finally lets us arrive at the picture shown in Fig. 17:

defects are either present or can be created at suitable precursor
sites, such as strained Si–O sites, by the incorporation of H.
Subsequent reactions with mobile H/H2 can either passivate
defects, activate previously passivated defects, or create defects
in initially unoccupied sites. The released H could capture a
hole and get trapped nearby the defect site, as for instance in

defects J1 and J2. Finally, given the flexibility of the SiO2

network, local rearrangements at defect sites are possible,
which primarily affect the time constants.

V. DEFECT CREATION VS. ACTIVATION

One observation that has repeatedly created confusion and
controversy in BTI literature is the creation of new defects
during stress [3, 29]. Our experiments shed new light on the
matter: starting from the pristine sample, the defects observ-
able in TDDS, namely those contributing to BTI recovery,
have been well characterized in terms of the bias/temperature
dependence of their capture/emission times. While the experi-
ment progresses, some defects disappear (become deactivated)
and some new ones are created. Whether these new defects are
really new in the sense that they are created in some region
damaged by the stress or whether they are simply activated
at some precursor site like other defects showing volatility
is hard to say with any certainty. However, to the best of
our knowledge, their properties are identical to those existing
in the pristine sample, that is, they have similar capture and
emission times. As such, they can also contribute to stress-
induced leakage currents in a similar manner [42], thereby
possibly contributing to progressive oxide breakdown. As such
it appears to be better to speak of defect activation at pre-
existing precursor sites rather than the creation of completely
new defects anywhere in the oxide.
Suitable precursor sites would be strained Si-O bonds,

which are the precursors of the defect shown in Fig. 14.
A large number of precursor sites and defect candidates
are in principle conceivable and have also been studied in
literature. However, from all the defect candidates we have
investigated so far [23], the hydroxyl E ′ center appears to be
most consistent with experiment.
We finally note that since our experiments indicate that

these newly created defects can show the same volatility as
those already existing in the unstressed example, it appears
that the time-zero-defects are a more-or-less random selection
of defects possible in a particular oxide matrix. It also seems
that by repeated baking it is possible to “reshuffle” the active
defects between a limited number of possible candidates/con-
figurations.

VI. COMPARISON TO PREVIOUS EXPERIMENTS

In the dedicated experiments performed here we noticed
that volatility was observed in the majority of defects. This
is somewhat in contradiction to our previous results obtained
using a different experimental setup where volatility was rather
the exception than the norm [2, 43]. After a thorough compar-
ison of the two setups it was found that the increased volatility
observed in the new experiments is a consequence of overly
generous IDVG sweeps which also extended into accumulation
(+1V), which was not the case in our previous setup. During
these sweeps, electrons are created in the channel and are
able to neutralize the defects. After limiting the sweep range
from +0.2 to −1V and repetition of the experiment on a
new sample, all six defects visible there remained stable for
about 10 days without any sign of volatility. The fact that
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volatility is observed following a sweep into accumulation is
reminiscent to literature results showing that carrier injection
after BTI stress can lead to a considerable increase in the
number of created interface states [21, 33–35, 44]. Irrespective
of the practical relevance of such biasing schemes, the fact that
most defects can in principle be volatile provides a strong clue
towards the chemical nature of the most important defects. In
particular, this mechanism appears consistent with a hydrogen
release process at the gate/oxide interface [21, 33–35].

VII. NOT A REACTION-DIFFUSION MECHANISM

At a first glance, the hydrogen-induced defect volatility
may trigger associations with the reaction-diffusion model
[29, 45], in which hydrogen is assumed to be released from
the channel interface to quickly diffuse through the oxide
and then onwards through the gate poly. The mechanism
invoked here, however, is entirely different. First of all, the
measured degradation remains to be due to a collection of
first-order processes rather than a diffusion process, consistent
with our previous experimental results on small-area devices
[2, 20]. The interactions with hydrogen invoked to explain the
volatility are merely parasitic effects. Second, hydrogen is
assumed to be released at the gate interface rather than the
channel interface and assumed to diffuse very quickly towards
the channel, consistent with classic hydrogen-release models
for time-dependent dielectric breakdown [46]. In these models
the time needed for hydrogen diffusion is not rate-limiting,
consistent with the high diffusivity of H and H2 in SiO2[31].
Also note that the hydrogen motion would be in the opposite
direction of what is assumed in the reaction-diffusion model.
However, hydrogen motion towards the channel interface is
consistent with the observed passivation of dopants in the
channel [36] and the observed motion of hydrogen in nuclear
reaction analysis [38, 41]. Furthermore, this direction would
be consistent with the observed creation of interface states
[21, 22] via a reaction of the form Si−H+H→ Si−•+H2,
which cannot be otherwise explained by pure interaction with
inversion layer holes as the barriers would be too large [47,
48]. In any case, the assumed interactions with hydrogen
leading to parasitic effects such as volatility are admittedly
speculative at present and will require further investigation.

VIII. CONCLUSIONS

We have shown that most defects responsible for the re-
coverable component of BTI can show volatility. The number
of defects showing volatility appears to increase significantly
when the device is occasionally driven towards accumulation.
The wide range of observed changes at the defect sites
could be explained by invoking interactions of hydrogen with
precursors in the SiO2 network, whereby the hydrogen is
preferentially released by those accumulation sweeps. While
the impact of volatility may average out in large devices, char-
acterization of the initial defect configurations in nanoscale
devices such as SRAM cells can only provide a snapshot of the
current state and the impact of volatility and transformations
must be considered.
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