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Abstract— Data obtained by the recently developed on-the-fly charge-
pumping technique has suggested a fast initial degradation and recovery
of interface states during negative and/or bias temperature stress,
contrary to previously published results. By revising the analysis of the
measurement setup, fast interface state creation and recovery are revealed
as artifact due to a different amount of oxide traps seen during the stress
and relaxation phases. From this analysis we conclude that data gathered
during stress and recovery phases must not be directly compared. By
properly taking the contribution of (slow) oxide charges into account,
which leads to a spurious increase of the charge-pumping current during
the stress phase, we demonstrate that no fast initial degradation and no
fast recovery of interface states occurs. Nevertheless, the charge-pumping
signal is sensitive to the continuous switching of the gate voltage into
accumulation, which also accelerates interface state recovery, albeit at
a slower rate. We finally conclude that both the fast initial degradation
and the fast initial recovery seem to be due to oxide charges. Therefore
these oxide charges need to be considered. By performing simulations
with our device simulator Minimos-NT using a modified Shockley-Read-
Hall model it was possible to reproduce the effect of these oxide charges.
For this purpose a temperature and field activated tunneling process is
assumed and results in proper agreement of measurement and simulation.
A correction scheme for the on-the-fly charge-pumping measurement
technique is then presented.

[. INTRODUCTION

The last years have seen a lively debate on whether interface states
and/or oxide charges are responsible for the degradation observed
during negative and/or positive bias temperature stress (NBTI, PBTI).
Experimental differentiation between oxide and interface states is
extremely challenging due to the rapid recovery of the degradation
setting in as soon as the stress is removed. In particular, it has
been observed that when after NBTI stress the device is positively
biased, a considerable part of the recoverable component is lost [1—
4]. Until recently, this has been explained by the detrapping of holes
[2, 3], while interface states have been assumed to only change their
occupancy but do not recover.

A quite striking result obtained with on-the-fly charge-pumping
(OFIT) measurements is that in contradiction to conventional charge-
pumping (CCP) measurements, OFIT data suggest a considerable
amount of fast initial recovery of interface states. We note that this
fast initial recovery is not explicitly measured, but is only inferred
from the differences between the last stress and the first recovery
measurement. Nevertheless, this misconception is a fundamental
dilemma and a major issue for our understanding of BTI. Clarification
of this matter is the prime requisite for the development of a reliable
model. In the following we try to resolve the issue whether interface
states do recover quickly (< 1s) or not.

II. EXPERIMENTAL METHODOLOGY

Unfortunately, experimental validation of the fast recovery behav-
ior is challenging because the technique that is conventionally used
to directly measure interface states is the charge-pumping (CCP)
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Fig. 1: Typical NBTI stress and relaxation measurement of the charge-
pumping current Icp using the OFIT technique with a duty cycle of 50 %.
Each symbol in the upper graph is made up of same hundred averaged pulses
as schematically displayed in the lower graph for some points. After the
reference measurement Vg 16w is set to Vitress, in order to continuously
stress the device. To perform CP, Vg is pulsed to Vacc periodically. In
this way the CP measurement and the application of stress are carried out
consecutively. During relaxation Vg 1ow = Vielax. Constant slopes of the
stress and relaxation pulses are ensured [5].

technique, which inherently relies on a bias switch into accumulation.
Consequently, it is unclear whether the often observed weak recovery
in CP data is a consequence of the fact that interface states do not
recover or whether this is an artifact of the measurement technique
brought about by the strong bias switch.

The lately developed OFIT technique [6-8] has refueled the
debate. As illustrated in Fig. 1, the basic difference between OFIT
and CCP [9-12] is that the low-level Vg 10w Of the CP pulse is
simultaneously used as a stress condition (for NBTI), while the actual
CP measurement is performed by quickly switching back and forth
between accumulation Ve and stress Vitress. Consequently, an issue
we will get back to later, the low-levels are different during stress
and recovery/reference measurements.

III. OFIT vERSUS CCP

As in conventional CP measurements, care has to be taken that
parasitic tunneling currents and geometry effects do not pollute the
measured charge-pumping current I.,. The first problem is even
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Fig. 2: Comparison of OFIT and CCP results. For OFIT the offset between end
of stress and beginning of relaxation is comparable for different technologies
and geometries (not shown). Previously this was explained by fast recovery.
This fast recovery is absent in CCP (indicated for SiON). Furthermore,
continuous gate pulsing affects both stress and relaxation, causing a faster
recovery of interface states with increasing number of measurements (black
circles vs. black squares - both of 30 nm OFIT).

more severe in the OFIT technique since there the low level gate
voltage equals the stress voltage, resulting in excessive tunneling in
thin oxides. In order to avoid these problems we also use large-area
devices with thick oxides (30 nm). As shown in Fig. 2, the measured
I.p during stress and recovery are qualitatively identical for three
completely different technologies (30 nm thick SiO2, 3.5nm thin
Si02, and SiON).

Quite remarkably, continuous application of OFIT pulses (as well
as CP measurements) has a dramatic impact on both the stress and
the recovery characteristics. In particular, with 3 measurements per
decade, I, is quasi constant during recovery, while up to 100 mea-
surements per decade result in approximately 80% recovery of Icp.
Another fact worth mentioning is that the first OFIT measurement
point during stress is already responsible for at least 30% of the total
degradation. Likewise, the first measurement taken during recovery
at 300 ms already shows 30% recovery while the rest of the recovery
depends basically on the number of measurements per decade.

IV. ANALYSIS OF THE OFIT TECHNIQUE

In order to deepen our understanding of the method we performed
constant base-level CP measurements (Vgase = 2 V) using a grad-
ually increasing pulse amplitude AVg. Until reaching the desired
stress-level starting from —1V down to —18V the pulse slopes
have to be kept constant to obtain comparable results. Constant pulse
slopes ensure that the upper and lower energy boundaries of the
active energy interval remain unchanged, although AVg increases
[5]. Given the requirements of a constant slope and a constant duty
cycle, increasing the pulse amplitude AVq leads to larger pulses. This
means that the rise and fall times have to be adapted at every voltage
step. Since it is inevitable to change both the pulse width and also
the rise and fall times one has to ask for the potential pitfalls: Are
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Fig. 3: Charge-pumping current Icp for different pulse amplitudes as ob-

servable in constant base-level CP measurements with Vgase = 2V and
a gradually increasing pulse amplitude AVg from Vg 16w = —1V down
o Vg low = —17V. The I¢p shows a significant hysteresis. If the Icp is

evaluated at the falling pulse edge, the lower branch of the curve is traversed.
Evolution of the rising pulse edges gives the upper branch. However, the
contribution of slow oxide states and an additional hysteresis (marked with
Alcp) are clearly visible for increasing pulse amplitudes. This implies that
depending on the pulse amplitude, Icp will contain contributions in addition
to the interface states. Provided only interface states are available, Icp should

be independent of the pulse amplitude (dashed line of étp,o)~

OFIT-data obtained during stress and relaxation comparable? If that is
not the case, is there some possibility to correct this nonconformity?
These questions will be examined in the following.

Starting with Fig. 3 the two large arrows pointing up and down
again reveal some important aspects of the temporal evolution of the
pulses during a CP measurement. The charge-pumping current I,
at stress conditions (Vg 10w < —3 V) differs a lot when compared to
relaxation (Va,jow = —1V). The further the NBTI stress increases
the higher the I.p-signal becomes. This can be partly attributed to
the desired effect of using the measurement setup to also stress the
device. However, this cannot fully account for the observed behavior.

A. Dependence on Gate Voltage Low-Level

Under the assumption that only interface states NNj; contribute to
Icp, Icp should actually become independent of Vg 10w as soon as
the strong inversion regime is reached. This Ié;,o is marked by the
dashed line in Fig. 3. However, as demonstrated previously [13, 14],
1., continues to increase, albeit at a much slower rate. This increase
with AV is routinely attributed to slower oxide traps ANy and
Iep = Ié;, +I§I§ [11,15]. So, regardless of the amount of degradation,
Ip varies as function of Vg 10w. This fact has to be taken into account
for a meaningful comparison of stress and relaxation CP data.

B. Hpysteresis due to Stress

When Vg 10w is lowered towards the stress voltage, as required in
the OFIT technique, I, extracted from the rising and falling pulse
edges start to deviate, introducing a hysteresis. The characteristic
hysteresis curve is only visible for larger pulse amplitudes, indicating
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Fig. 4: Top: At a low temperature the hysteresis is negligible (less than
1%) and the contribution of slow oxide traps is reduced. Bottom: At a low
frequency and a high temperature the contribution of oxide traps increases due
to the increased rise and fall times. A comparable if not equal part of interface
states constituting Alcp can be identified for different frequencies but equal
temperature. Following these results at least part of the defects must vary with
temperature or frequency. For better comparability, the data at 12.5 kHz are
scaled to the reference frequency (frer = 125 kHz).

degradation (marked with ANj; and Alcp) due to stress. While the
impact of the oxide traps visible during medium Vg 10w appears to
be fully recoverable, the component causing the hysteresis is not.
This can be seen in Fig. 3 where /., increases during subsequent
measurements performed on the same device. We attribute this
hysteresis to the creation of additional interface states due to NBTI
stress at Vg ow = Vitress. Starting at —2'V there is nearly no
stress. The deeper the device is stressed into inversion the larger the
hysteresis becomes, resulting in an increased offset for the next pulse.
The total hysteresis at a certain stress level hence not only consists
of the hysteresis of the current measurement but is a combination of
the previous ones.

C. Hysteresis-Free Area

As displayed in the inset in Fig. 3 the very first pulses are almost
free of stress (no hysteresis, Al., = 0) and hence the deviation of I,
from Ié;yo is entirely due to oxide traps. Only a negligible amount
of interface states AN;; are created by the measurement process.
The hysteresis-free area will be discussed in more detail in the next

section.

D. Frequency Scalability

When the experiment is repeated at a lower frequency (see bottom
of Fig. 4), one finds that the interface state contribution can be scaled
to the reference frequency (fref = 125 kHz) [13]. This is compatible
with the fact that the stress duration is practically independent of
frequency. On the other hand, the recoverable oxide trap contribution
to I, depends on frequency, consistent with the idea that the lower
the frequency (corresponding to more time per pulse) the more oxide
traps can contribute to Icp.
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Fig. 5: Charge-pumping current Ic, for the stress pulse (Vstress = —17V)
and the relaxation pulse (Vielax = —8 V), shown in Fig. 3. To unravel the
contribution of oxide charges and additional interface states we look at the
difference Ig5¢ — I é‘;“. In the range —8V < Vg 10w < 0V, this difference
is constant, implying no additional creation of interface states. From this
‘safe window’ we extrapolate to the minimum low-level to estimate the
contribution due to oxide charges. Note that the first branches Ig%“ of the
stress and relaxation pulse differ from each other due to pre-stress pulses
between Vg 10w = —8V and Vg 10w = —17V. In fact, when using fresh
devices for each measurement all Ig'g“ would coincide.

E. Lower Temperature

Finally, at a low temperature (displayed at the top of Fig. 4)
practically no hysteresis is introduced (no NBTI stress) and also the
oxide trap contribution is reduced, consistent with the idea that these
traps are due to a thermally activated tunneling mechanism [16] rather
than elastic (and thus temperature-independent) hole tunneling [1].

V. EXTRAPOLATION OF OXIDE TRAP CONTRIBUTION

As demonstrated above, during an OFIT measurement we have to
expect a distortion of I.;, due to oxide charges and due to the creation
of defects during the low-level. In order to analyze this distortion we
proceed as follows:

We determine VG,1OW to be the lowest value of Vi iow at which
no hysteresis is observed. We then use the data set Vg 10w > Vgﬂlow
to extrapolate the impact of oxide charges ANyt down to the stress-
level. It is not possible to obtain this information from the stress
pulse because of the contribution of both parts: ANj; and A Nog.
Quite remarkably, the data can be fit by a quadratic polynomial,
consistent with our NBTI experiments where we also observe a
quadratic (F2,) dependence of the hole-trapping component [16-18].
The hole-trapping theory developed in [16] was applied to our data
and excellent agreement was obtained. The difference between the
actual signal (I1, + I%) and the extrapolated curve in Fig. 5 finally
gives A Njs.

In Fig. 5 and Fig. 6 the extraction algorithm for ANy and A Nj¢
is demonstrated. Stress and relaxation pulse responses both consist
of two branches, one going down (fall) and one going up (rise) as
marked by arrows. In the falling branch, Vg 10w varies from 0V to
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Fig. 6: Top: Lower temperatures simplify the extrapolation due to the absence
of degradation. Here the full range of pulse amplitudes can be used to
verify the extrapolation down to deep inversion. Very good conformity is
obtained, again indicating the absence of additional interface states in deep
inversion at low temperatures. Bottom: Noise complicates this procedure at
low frequencies. Data are scaled to fof = 125 kHz.

—17V. In the rising branch, Vg 10w varies from —17V to 0 V. Only
pulses with constant Iéfje — Ii;“ (or even without a hysteresis, i.e.
I;flife - Ifg“ = 0) are suitable to create an extrapolation guess for
higher Vg 1ow. This ‘safe window’ ranges from 0V to —8V where
both branches are indistinguishable.

The extracted components for different temperatures and frequen-
cies are given in Fig. 7. The additionally created oxide traps A Noy
depend on frequency as well as on temperature and clearly show
Vé,low ~ EZ_ behavior. The hysteresis due to additionally created
traps AN is independent of frequency but strongly dependent on
temperature.

VI. SIMULATION OF THE CHARGE-PUMPING CURRENT

To approximately account for the temperature and field activated
tunneling process, we use a modified Shockley-Read-Hall (SRH)
model with our device simulator Minimos-NT [19]. The SRH-
capture-rates are multiplied by

AFEg
ksT )

E2
ox exp <_
ng,ref

where Eox is the electric field in the oxide, Eox ref is a reference
value, A E'g the multiphonon emission barrier and 7" the temperature.
AFEg can be characterized by a Gaussian distribution with the mean
energy AFEg. When setting the parameters some points need to be
considered in order to end up with a physically appropriate model:

exp

1) The first exponential factor models the bias dependence. It
is very sensitive to changes of FEoxrer due to the squared
exponent, leading to a very small range of valid Eox rer values.

2) When setting the barrier AEp too low, the oxide traps
contribute to the interface trap signal as the second factor
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Fig. 7: The extracted oxide states (Top) and additional interface states
(Bottom). The change of oxide trap density ANyt follows E2_ and fur-
thermore depends on the frequency as well as on the temperature. The
hysteresis displayed in the previous figures are due to additionally created
traps, A Njt, which are independent of the frequency but strongly dependent
on the temperature.

approaches unity. Setting A F'g too high leads to very low rates,
effectively eliminating the contribution of oxide traps.
Lastly, the distribution of AEg determines the dependence of
Icp on Vi 1ow. Increasing the mean of the distribution at AEg
increases the mean capture/emission-time constants. Since with
constant-slope pulses higher pulse amplitudes AVg require
longer pulse durations, increasing the mean AFEg shifts the
point from which a significant contribution of oxide traps A Nt
can be observed to higher pulse amplitudes. On the other hand,
broadening the distribution of AFEg (increasing the variance)
also broadens the distribution of time constants, observable
as broadening the range of Vg ow where Icp increases. A
quadratic behavior as observed in the experiments, Fig. 8,
can be well reproduced with a broad Gaussian distribution
(AEB,mean =1 eV; AEB,(; =0.5 eV)

Simulation results are depicted in Fig. 8. As the simulation treats
the CP measurement process as stress-free, no additional interface
traps due to stress are created and only the oxide-charge part is

visible. With the thermally activated barrier the increasing Al can
be described.

3)

VII. RESULTS

Based on the previous results we are now able to better understand
the charge-pumping current /., measured during the OFIT sequence.
The presence of additional charges contributes to the signal when the
pulse amplitude AV is increased. A large spread of time constants
slower than that of the interface states is necessary to explain the
results. By assuming oxide traps with a thermally distributed activated
barrier one is able to explain the measurement results with good
accuracy. Whereas interface states are independent of the electric
field and account for I, at low (10kHz) and high frequencies
(1 MHz) likewise due to their small time constants, the oxide traps
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Fig. 8: The contribution due to oxide traps can be well described using
the model suggested in [16]. This model assumes that hole-trapping is
possible via a multiphonon process implying a thermally activated barrier
exp(—AEg/kpT) and a exp(E2, /E? field dependence. We ascertain

ox,ref )
that the simulation only describes oxide traps and interface traps without

applied stress conditions. Additional interface traps due to NBTI stress are
missing in the simulation because of a constant number of interface traps for
each taken simulation point (solid circles).

with their assumed barrier are by far slower, only affecting /., at
lower frequencies i.e. 10 kHz.

The particularly troublesome part is the application of the OFIT
technique during the stress phase, where both oxide traps ANyt and
additionally created interface states ANj; add to Icp. These contribu-
tions are absent during the initial reference measurements and during
the OFIT recovery measurements both taken at Vg 1ow = Vielax. This
has fundamental consequences on OFIT measurements: Initially, a
reference I, is recorded. Following this reference measurement, the
gate voltage low-level Vq 10w 1s switched to stress Viiress. Due to the
much larger AVG now a significant contribution of I is obtained.

Furthermore, with the large pulse amplitude, additional interface
states are created, which is the intended effect of this OFIT mea-
surement. However, without this the additional increase in I., due
to oxide traps must not be attributed to interface states created
by degradation. Consequently, we need to correct for IO in the
measurement data. Using the mentioned extrapolation method of
AN, = AEZ, we see that the 30% initial increase in I, is entirely
due to oxide traps. The corrected last stress value in Fig. 9 is identical
to the first value at the recovery, leading to the conclusion that no
fast interface state recovery occurs.

CONCLUSIONS

We have discussed the dynamics of interface state creation in
constant base-level charge-pumping measurements using a gradually
increasing pulse amplitude AV (from inversion into deep inver-
sion). The charge-pumping current is not constant once reaching the
inversion regime, but increases due to slow oxide traps. From this
analysis we conclude that data gathered during stress and recovery
phases must not be directly compared. A correction scheme for the
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Fig. 9: Oxide traps lead to a spurious increase in the charge-pumping signal
during stress. Using the scheme developed for Fig. 1, a corrected Icp is
obtained. The smooth transition between the corrected Icp during stress and
the Icp during recovery suggests that no fast recovery takes place.

OFIT measurement technique was necessary. By properly taking the
contribution of these traps into account, we demonstrate that no fast
initial degradation and no fast recovery of interface states occurs.
Nevertheless, the CP signal is sensitive to continuous switches of the
gate voltage into accumulation which also accelerates interface state
recovery, albeit at a slower rate. We finally conclude that both the
fast initial degradation and the fast initial recovery are very likely to
be due to oxide charges which are created by a thermally activated
process.
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