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The physical origin of both Negative- and Positive Bias Temperature Instability (N-/PBTI) is still unclear
and under debate. We analyzed the rarely studied recovery behavior after PBTI stress in pMOSFETs and
compared it with NBTI data obtained from the same technology. While recovery after short stress times is
consistent with the previously reported emission of trapped holes, for stress times larger than 10 ks we
observe an unusual recovery behavior not reported before. There, the device degradation appears to con-
tinue during recovery up to approximately 30 s. Only after that time ‘‘normal’’ recovery behavior domi-
nates. We thoroughly analyze this new observation as this may have significant consequences regarding
our understanding of both PBTI and NBTI.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Hundreds of studies have been performed on NBTI phenomena in
pMOSFETs [1,2], but only very few focused on PBTI [2,3]. This is pos-
sibly based on the assumption that PBTI in SiON pMOSFETs is less
important than NBTI as the PBTI stress condition does not regularly
occur in pMOSFETs devices in logic circuits. However, it has recently
been pointed out that PBTI can be a regular stress condition for
pMOSFETs in basic analog building blocks, especially during
power-down-mode at elevated temperatures [5]. In [3,4] the PBTI ef-
fect has been identified as trapping of positive charge in the oxide,
similarly to the NBTI mechanism. However, while during NBTI this
positive charge is injected from the p-channel into oxide-traps near
the substrate-oxide interface, during PBTI the injection occurs from
the p-poly gate into oxide-traps near the interface between gate-
electrode and gate-oxide. Thus both PBTI and NBTI in pMOSFETs
cause a negative DVT [6]. In this work it is shown that the PBTI effect
is actually more complicated to describe and model than believed
previously. Compared to NBTI, recovery is no longer monotonous
after a certain stress time. Quite to the contrary, the devices initially
appear to keep degrading at the recovery voltage and ‘‘normal’’
recovery only sets in after longer recovery times. This phenomenon
makes lifetime projections far less reliable than those made for NBTI.
On the other hand, this may provide us with a unique opportunity for
further insights into the physical processes involved in BTI.
2. Samples & measuring technique

The samples analyzed in this study are from production-quality
90 nm-technology with plasma nitrided oxides. The oxide thick-
ll rights reserved.
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nesses are 1.8 nm, 5.8 nm and 25 nm. Only the 5.8 nm data is
shown here. While the other oxides show similar behavior as the
5.8 nm oxide, the normalized magnitude of degradation (DVT/tox)
is different due to the thickness-dependent concentration of nitro-
gen at the oxide-gate interfaces. Degradation and recovery of
threshold voltage after stress have been measured using our ul-
tra-fast (1 ls) and high resolution (<1 mV) MSM technique [7].
3. Comparison of NBTI and PBTI

Fig. 1 shows the results of the recovery behavior of an acceler-
ated stress test performed at a field of ffi7 MV/cm for NBTI and PBTI
with stress times up to 10 ks. At a first glance PBTI behaves just like
NBTI: the PBTI effect is smaller than NBTI by a factor of 3, as pre-
viously found [3–5]. This factor 3 can be roughly explained by a
geometry effect,

DVT ¼
Qtrap

Cox
� x

tox
; ð1Þ

where DVT is the threshold voltage shift, Qtrap the trapped charge
sheet, Cox the oxide capacitance, tox the oxide thickness and x the
averaged position of the trapped charge. The ‘‘PBTI-defects’’ at the
oxide-gate interface are further away from the inversion layer than
the ‘‘NBTI-defects’’ and thus the electro-statically induced charge in
the channel is smaller than from the ‘‘NBTI-defects’’ (see Figs. 2 and
1). As shown in Fig. 1, the amount of recovery after a stress time
ts = 10 ks and between recovery times tr = 1 ls and 10 s, is roughly
30% of the initial DVT. Thus, at a first glance the recovery behavior
appears similar for NBTI and PBTI. One obtains quite a different pic-
ture when looking lower stress voltages as shown in Fig. 3. Com-
pared to Fig. 1 the stress field has been reduced to a value of
4.5 MV/cm (only 10% above use condition) and the thermally acti-
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Fig. 1. Comparison of recovery traces for PBTI and NBTI for the same type of pMOSFETs with tox = 5.8 nm. The stress-time corresponding to each trace (1 ms . . . 10 ks) is given
in the legend (in s).

Fig. 2. Band diagram of oxide with interfaces, defects (schematic) and the processes
during PBTI.

Fig. 3. Recovery traces like in Fig. 1 but for a low stress-voltage only 10% above the
operating voltage and long stress times, accelerated by high T. An additional
degradation mechanism is revealed by the anomalous ‘‘reverse’’ recovery behavior
for stress time >10 ks.

Fig. 4. DVT vs. stress time for NBTI and PBTI for a fast (1 ls) and a slow (1 s)
measuring delay. ‘‘fast’’ and ‘‘slow’’ DVT are not from different FETs but from the
same recovery traces. Note the vast differences in the power–law exponents n and
the seemingly perfect fit to straight lines.

Fig. 5. Lifetime projection from the same set of data w.r.t. short stress times (10 ks)
for a ‘‘slow’’ and a ‘‘fast’’ measuring delay for three stress voltages.
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vated charge capture processes [8] have been accelerated by
roughly a factor 10 (taken from Fig. 8) by increasing the tempera-
ture. While for stress times <1 ks normal recovery behavior occurs,
for longer stress times the sign of recovery reverses, i.e. DVT in-
creases with recovery time. For the final recovery trace (after stress
316 ks) at T = 200 �C, this reverse recovery continues until recovery
time tr � 30 s and afterwards is followed by normal recovery for
tr > 30 s.
4. Consequences for lifetime assessments

Examples for measured and extrapolated DVT’s vs. time and for
a lifetime projection are given in Figs. 4 and 5. The lifetime projec-
tion is based on 10 ks stress-times as for a typical qualification.



Fig. 6. DVT vs. stress time like in Fig. 4 but from low field and long stress. Note the
dramatic lifetime-differences between extrapolation from tstr = 10 ks (dashed lines)
and tstr = 300 ks and between ‘‘fast’’ and ‘‘slow‘‘. No more straight lines.

Fig. 7. ‘‘Anomalous’’ recovery traces like in Fig. 3 for different temperatures. The
position of the peak-time is marked.

Fig. 8. DVT vs. stress time – corresponding to recovery traces in Fig. 7 – for different
temperatures. Power law exponent values for the temperature 225 �C and 150 �C,
respectively.

Fig. 9. Arrhenius plot from the peak-times in Fig. 7 and the time to reach DVT =
20 mV in Fig. 8.
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Data for a short and a long measuring delay are compared. It has
been long known that the measuring delay has a significant influ-
ence on the power-law exponent for NBTI [9]. As seen in Figs. 4 and
5 this influence is dramatically larger for PBTI compared to NBTI.
Fig. 6 shows that the reverse recovery even leads to a crossover
of ‘‘slow’’ and ‘‘fast’’ DVT vs. stress-time. DVT for long stress times
(>100 ks) strongly deviates from the initial (after 10 ks) power-
law thus leading to a change in extrapolated lifetimes as a function
of the stress time by orders of magnitudes. For NBTI it is mostly ac-
cepted that correct lifetime assessments require a short measuring
delay. Given our results, however, it is by no means clear how cor-
rect data for a PBTI assessment are to be generated, i.e. if a short or
rather a long measuring delay leads to correct assessment. At pres-
ent the best way appears to be to employ very long stress tests and
a moderate voltage acceleration like shown in Fig. 6. As this is
clearly unsatisfactory from a qualification perspective, a better
understanding of the phenomenon is mandatory.

5. Discussion of physical processes

The most obvious explanation – indicated in Fig. 2 – for the ob-
served reverse recovery is to assume negatively charged traps as re-
ported in [10]. In addition to the positive charge injected into the
‘‘positive traps’’ at the poly-oxide interface, it seems that there
are traps (somewhere in the oxide) which can become negatively
charged. Both polarities of traps discharge after the field is switched
from (+7 MV/cm) to a value close to zero (recovery at VT). Nega-
tively charged defects apparently have a shorter emission time than
the positive ones (cmp. Figs. 7 and 10).

In total, ‘‘normal’’ PBTI always dominates, but the ratio between
negative and positive charge Q�/Q+ increases with decreasing field
as well as for long stress times. The same ‘‘reverse’’ recovery
behavior can be observed in narrow devices with the W/L (width
to length) ratio of 0.12/0.08 lm, as shown in Fig. 11. Measurements
on such small devices show the charging of single defects as dis-
crete steps in VT. Unfortunately, statistical analysis is very chal-
lenging because of the long stress and recovery times [11].
However, it is clear from the discrete steps up in the recovery
traces that a stochastic process like capture of positive or emission
of negative charges occurs. Unfortunately, an unambiguous separa-
tion of positive and negative charge trapping is difficult due to
compensation. If the amount of positive and negative charges is
equal, there is no effect. In an attempt to separate the two contri-
butions, we look at those recovery traces showing a peak (like the
top trace in Fig. 3). Starting from a stress condition resulting in the
occurrence of a peak in the recovery trace, the parameters temper-



Fig. 10. Recovery traces like in Fig. 7 at 200 �C but done at recovery voltages below
or above threshold to speed up or slow down recovery.

Fig. 11. An example of ‘‘reverse’’ recovery traces on a single narrow pMOSFET
(W = 0.12 ls, L = 0.08 ls). Discrete steps up show the capture of positive charge into
defects during the recovery. The stress-time corresponding to each trace is given in
the legend (in s).
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ature (shown in Figs. 7 and 8) and recovery voltage (shown in
Fig. 10) have been varied. The thermal activation is analyzed in
the Arrhenius plot Fig. 9. Effective activation energies are higher
than those typically observed for NBTI (EA ffi 0.6 eV) [11], but this
may be an experimental artifact due to the distortion of the curves
by mixed trapping of both polarities. The shift of the recovery peak
as a function of T in Figs. 7 and 9 indicates that both hole and elec-
tron de-trapping speed up when T is increased.

The effect of recovery voltage after PBTI on the recovery of DVT

is shown in Fig. 10. When starting with a recovery voltage near
VT = �400 mV and going to more negative recovery voltages the
recovery – mainly where hole de-trapping dominates – is acceler-
ated, as expected. When the ‘‘recovery’’ voltage is below �4.0 V the
‘‘normal’’ NBTI degradation ‘‘takes over’’ and |DVT| increases (i.e.
accumulates degradation) rather than recovers.

On the other hand, it appears that the assumed electron de-trap-
ping is – contrary to expectation for switching traps [11] – indepen-
dent of the recovery voltage, and hole de-trapping vanishes for
positive recovery voltages. This behavior, together with the fact,
that the ‘‘fast’’ DVT vs. stress time (see Figs. 4 and 6) is just the stan-
dard power–law with n = 0.18, rather support another hypothesis:
PBTI stress creates a neutral precursor invisible during degradation,
which becomes charged positively during recovery and ‘‘anneals’’
after a typ. time of <100 s (see Fig. 7) as suggested in [12]. Such a
model without e-trapping during degradation would explain why
there is no deviation from a perfect power-law for the ‘‘fast’’ mea-
surements (see Fig. 6.).

6. Conclusions

During the PBTI degradation of SiON pMOSFETs we have ob-
served an additional component leading to the occurrence of an
unexpected reverse recovery. This additional component severely
distorts all extrapolations (DVT vs. time, DVT vs. operating voltage)
usually done for lifetime projections. Thus, the analysis of PBTI
data is more complex than of NBTI data. As such, a conclusive iden-
tification of the physical processes involved in PBTI phenomena in
pMOS is more complicated than assumed but necessary for reliable
life-time estimation.
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