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Abstract—In this paper, a focused review is made of our pre-
viously reported (2002-2007) work on negative bias temperature
instability (NBTI) measurement and analysis. Using suitable
cross-reference to other published work, the impacts of stress
condition, characterization technique, and gate-oxide process on
measured NBTI parameters are reviewed. The large scatter of
measured time, bias, and temperature dependencies of NBTI,
which are observed in published literature, is carefully analyzed.
A common framework for NBTI physical mechanism is suggested
and discussed. Issues lacking proper understanding at present are
also highlighted.

Index Terms—Bulk traps, charge pumping (CP), hole trap-
ping, hot-hole generation, interface traps, negative bias temper-
ature instability (NBTI), on-the-fly (OTF) Iprin, p-MOSFETS,
reaction—diffusion (RD) model, Si oxynitride.

1. INTRODUCTION

EGATIVE bias temperature instability (NBTI) of p-

MOSFET parameters, i.e., threshold voltage (Vr), linear
(IpLin) and saturation (Ipsat) drain current, transconduc-
tance (g,), etc., is an important reliability concern for mod-
ern ICs. Although first observed during 1970s [1], NBTI has
resurfaced in the past ten years, both for mainstream digital and
analog devices [2]-[9]. This is due to the introduction of surface
channel p-MOSFETs for analog circuits and the scaling of gate
oxides below 2 nm for digital circuits, without proportionate
scaling of supply voltages. In particular, the incorporation of
nitrogen in sub-2-nm gate oxides (to prevent boron penetration
and reduce gate leakage) has presently made NBTI the most
crucial reliability concern [10]-[27].

Like all other reliability phenomena, lifetime estimation for
NBT degradation involves accelerated stress (short-duration
high stress V), which is followed by projection to operating
(to end-of-product life, at Vi; = Vpp) condition. Robust pro-
jection requires careful considerations of three issues. First, it
is important to choose proper stress condition such that only
the damage responsible for NBTI is accelerated and no new
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damage mode is triggered [28]-[32]. Second, the measure-
ment techniques must be chosen carefully so that measured
data reflect the intrinsic degradation and are not corrupted by
any measurement-related artifacts [33]-[36]. Finally, it is also
important to understand and model the physical-degradation
process [37]-[46] to perform reliable extrapolation from stress
to operating condition.

Despite extensive characterization since mid 1990s, there
is significant discrepancy regarding the time evolution, tem-
perature (71') activation, and bias dependence of NBTIL. Most
authors [2]-[21] suggest power-law time dependence (~t") and
Arrhenius 7' activation, although the reported time-exponent
(n ~0.08—0.3) and activation-energy (E4 ~ 0.05—0.2 eV)
values show a huge spread. A few other groups have also sug-
gested log-time dependence (~logt) [24] and non-Arrhenius
T dependence [45], [46]. Similarly, there is a debate if a
simple Arrhenius-like 7" activation is sufficient to capture NBTI
temperature degradation or if NBTI is better described by
dispersive temperature activation. Finally, some groups sug-
gest that NBTI is a voltage-driven (V) phenomenon, while
others believe that this degradation is driven by the elec-
tric field (Fox) at the Si/oxide interface. Moreover, there
is no universally accepted functional form of Vi or EFox
dependence of NBTI degradation. Some suggest power-law
degradation (~V{4"), others prefer an exponential form (~
exp(BVe)), and still others, a combination of both (~V& -
exp(BVa)).

A number of attempts have been made to model NBTI
[8]-[28], [37]-[46], but given the complexity/diversity of the
experimental dataset as discussed earlier, none of the theoretical
models have been able to explain NBTI degradation within a
common framework. We suggest that this is primarily due to
large scatter in published data, as several groups have used
different stress conditions, measurement methods, and gate-
oxide processes (unspecified chemical composition and ther-
mal treatment). These do not allow unambiguous comparison
of experimentally measured parameters and cause significant
impediment to develop predictive theory and reproducible
analysis and, therefore, have resulted in significant uncer-
tainty regarding the physical mechanism of NBTI—whether
it is dominated by interface-trap generation (ANyr) or hole
trapping (AN},) in preexisting bulk traps and whether bulk
oxide traps (ANor) are generated during accelerated NBT
stress.
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This paper, which is a focused review of our past work (with
suitable reference to other published work), addresses some of
the above concerns. It is shown.

1) Under proper stress (low stress V) when hot-hole gen-
eration is negligible, V shift is due to the generation of
Nyt (broken = Si—H bonds at Si—SiO, interface) and is
controlled by inversion (INV)-layer holes and Fox (not
V). This is the dominant degradation mode for pure-
SiOs, plasma-nitrided oxide (PNO) having moderate N
dose and subjected to proper postnitridation anneal, and
thin thermal-nitrided oxide (TNO) with low N dose.

2) Additional (to A NiT) hole trapping (in preexisting traps)
is observed for thicker TNO samples (as also reported in
[22]-[24]), which increases the magnitude but reduces n
and F 4 of overall measured AV during NBTI stress.

3) The above conclusions are based on on-the-fly (OTF)
Ipriny measurements (Ippin degradation is monitored
without removing stress [33]) with 1-ms initial (time-
zero) delay [35]. Fast OTF experiments with 1-ps initial
delay have been performed on p-MOSFETs having a
wide variety of gate insulator process and has been
reported elsewhere [21]. It has been reverified that NBTI
in PNO MOSFETs (which undergo proper postnitridation
anneal and have moderate N dose, such that N density
at Si-SiON interface is low) is dominated by Nir
generation. It has also been shown that thicker TNO
samples (N density at Si—SiON interface is very high)
suffer from large AN}, (in addition to A Nyr), which is
consistent with conclusions made in this paper and in our
recent work [19]. For completeness, it is suggested that
this paper be read together with [21] for a review of latest
results.

4) For conventional stress—measure—stress (SMS) scheme,
NBTI recovery during stress-off (measurement) period
affects measured n and E 4 [33], [34]. Recovery, and
hence measured parameters, strongly depends on mea-
surement methodology: Iprn or charge pumping (CP),
sense Vi, delay time, etc., as well as gate insulator pro-
cess: thickness, N dose, etc. (as also shown in [14]) [20].
OTF Ippin measurement does not suffer from recovery
artifacts and, hence, yield identical NBTI parameters for
a wide range of gate insulator-processing conditions.

5) The T activation is shown to be Arrhenius, while the
signature of non-Arrhenius 7" activation for SMS mea-
surements, i.e., n linearly dependent on 7" [45], [46] is
shown to be an artifact of measurement delay [15].

6) Different measurement techniques (e.g., Iprin and CP)
suffers from different delay and scans different zone
in the energy-band gap. Moreover, degradation calcu-
lated from OTF Iprx in its simplest form [14], [15],
[33] ignores mobility degradation (details about mobility-
correction procedure has been presented elsewhere [36]),
which results in inaccurate AVr. Such issues must be
accounted for before 1: 1 comparison can be made across
different measurement techniques.

7) The magnitude of Vi during NBT stress controls gen-
eration of Nor (broken = Si—O bonds, due to impact
ionization and hot-hole generation in n-well), which may
affect overall AV and measured n at longer stress time.

TABLE 1
PROCESS CONDITIONS OF DEVICES USED IN SECTION II-A.
PNO: PLASMA-NITRIDED OXIDE, TNO: THERMAL-NITRIDED
OXIDE. THIN EOT SiOg Is USED AS CONTROL OXIDE

D# Type EOT N% Txps Tmnv
(nm) | (atomic) | (nm) (@Vpp-2V)

(nm)
P1 | PNO | 1.23 14 1.51 2.19
P2 | PNO | 1.23 21 1.67 2.19
P3 | PNO | 1.64 28 227 2.71
P4 | PNO | 2.14 29 2.85 3.35
T1 | TNO | 1.19 11 1.25 2.14
T2 | TNO | 1.15 17 1.44 2.09
T3 | TNO | 1.85 5 2.1 2.93
T4 | TNO | 2.2 5 2.3 3.43
Cl | Si0; | 1.36 2.36

Broken = Si—O bonds show up as stress induced leakage
current (SILC) (midoxide defects) [47]-[52], as well as
enhanced ANyt (near-interface defects) when measured
using CP [53]. Stress Vi must be carefully chosen to
avoid A Ng contribution.

8) Time evolution of Nyt generation (due to broken =
Si—H bonds) during NBT stress can be explained by the
reaction—diffusion (RD) approach [37]-[39], [41]-[43],
with few discrepancies that are highlighted. The Eox
dependence of Nyt generation has been explained using
hole-assisted field-enhanced model for Si—H bond disso-
ciation. While RD formulation can account for NBTI in
most cases as in 1), it needs to be supplemented by hole-
trapping model for situations as in 2), which is beyond
the scope of this paper and have been discussed in detail
elsewhere [35].

II. RESULTS AND DISCUSSION
A. Material Dependence of NBTI Physical Mechanism

The very first step in removing the ambiguity of the pub-
lished literature is to realize that various components of NBTI
degradation (i.e., N1, NoT, INp) depend on oxide composition
and process conditions. To verify this, devices having different
process conditions are used in this paper to explore the material
dependence of NBTI, as shown in Table I, fabrication details
of which can be found in [54]. Films with various thicknesses
and N dose have been studied for both PNO and TNO. For
a given N dose, peak N density is located at the Si—-SiON
interface for TNO and at the SiON—poly-Si interface for PNO
[55], [56]. PNO films were subjected to proper postnitridation
anneal to improve the film quality. Thin SiO5 was used as a
control oxide. The equivalent oxide thickness (EOT) of these
films were obtained from C-V measurements and analyzed
subsequently with a well-calibrated C-V model with appropri-
ate quantum—mechanical corrections.
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Fig. 1. Time evolution of AV obtained from OTF Ipy,;Nn measurements for
PNO devices, which is plotted in a (top) log—log and (bottom) semilog scale.

Vi shift during NBT stress is extracted using OTF Ippn
[33] with 1-ms initial delay, using the expression AVp =
—AIp/Ipo(Vg — Vo) [14], [15], where Ipg is the initial
Iprin measured within 1 ms of the application of stress, Vg
is stress bias, and Vg is the prestress V. The obtained AV is
slightly different than the actual, as mobility degradation is not
taken into account (as discussed in [36]). CP measurement was
done on separately stressed samples for direct determination
of interface traps when required, after interrupting stress at
log time intervals (SMS). Single-frequency fixed-amplitude
gate pulse is used during such CP measurement to minimize
stress-interruption time. The top and base level of the CP
gate pulse was chosen sufficiently higher than flatband and
lower than threshold-voltage levels, respectively. This ensures
that any charge-trapping-induced shift in these levels does not
significantly alter the CP area after stress [53].

Fig. 1 shows the time evolution of AV for different PNO
films plotted in a log—log (top) and semilog (bottom) scale. It
can be clearly observed that AV shows power-law (™) and not
log time dependence, with asymptotic slope of n ~ 0.14 for all
PNO splits. Fig. 2 shows the time evolution of AV for thin and
thick TNO films plotted in a log—log scale (top) and for thick
TNO films plotted in a semilog scale. Thin TNO film shows
identical power-law time evolution of AVr, as in PNO, and
does not show log time dependence when plotted in a semilog
scale (not shown). On the other hand, thick TNO device shows
very high NBTI degradation and lower n (~0.09) when plotted
in a log—log scale and almost perfect log time dependence when
plotted on a semilog scale.

Fig. 3 shows the stress Vz and T" dependence of power-law
time exponent for PNO (all splits) and thin TNO devices. The
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Fig. 2. Time evolution of AV obtained from OTF Iprjn measurements at
different stress Vg for (top) thin and thick TNO devices plotted in a log—log
scale, and (bottom) thick TNO device plotted in a semilog scale.
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OTF Ippin measurements and for thick PNO devices from CP measurements.

scatter in n is due to noise during Iy measurement. Note that
the mean value of n is approximately 0.14 and is consistent
across all the devices used in this paper. The T and Vg
independence of n has important implications (as discussed
later) and asserts the universality of underlying physical mech-
anism. Note that, similar to the impact of delay during SMS
measurement [33], [34], time-zero delay also affects measured
n, as shown in [27]. It is, therefore, possible that the n
obtained with such relatively “slower” OTF is not accurate,
and all devices would show somewhat lower » when mea-
sured with “faster” OTF. Indeed, fast OTF (with initial delay
of tg =1 us) measurements in similar PNO samples show
that n ~ 0.12, although the variation on n with ¢y has been
found to be insignificant (within error) for ¢y in the range of
1-100 us (as reported elsewhere [21]). Fast OTF measurements
in thick TNO samples show that n ~ 0.06, which is much
lower than that for PNO because of dominance of hole trapping
[23]. Finally, PNO samples fabricated without postnitridation
anneal show very high NBTI degradation and lower n (~0.08)
when measured using fast OTF, which is similar to thick TNO
samples (not shown). To summarize, the time exponent of NBTI
degradation—a topic of much debate and disagreement in the
literature—is a reflection of variously processed oxides used by
different groups, and for similarly processed devices, the time
evolution is unambiguous and universal.

The material-dependent Fox and T characteristics of NBTI
degradation are considered next. Fig. 4 (top) shows the 7" acti-
vation of NBTT obtained at a fixed level of degradation by time-
axis scaling of T-dependent AVp (t) data for various PNO
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Fig. 5. EOT dependence of (top) average power-law slope and (bottom) 7'
activation at fixed time for PNO and TNO devices.

(varying N dose and EOT) and control samples. The activation
energy so obtained is defined as activation of diffusion, E4 (D),
for reasons explained in Section II-D [8]. Identical E (D)
is obtained for all splits, which also equals to that obtained
from similar time-axis scaling of T-dependent ANyr(t) data
(from CP) for thick PNO samples [17], [20]. Fig. 4 (bottom)
shows the Fox dependence of AV (normalized to INV oxide
thickness 77inv) for control as well as thin (lower N dose)
and thick (higher N dose) PNO films. The Epx dependence
of ANyt (obtained on thick PNO films using CP) is also
shown. For a given Fox, AV magnitude is higher for PNO as
compared to SiO, as expected, while it decreases with increase
in EOT for PNO films (in spite of higher N dose for thicker
films). However, identical Eox-dependent slopes are obtained
for SiO; and PNO films, which equal to the slope of Eox
dependence of ANyt (from CP).

Fig. 5 (top) shows the average power-law time exponent
(obtained from log—log plot), and Fig. 5 (bottom) shows E4
(obtained at fixed time from 7T'-dependent data) as a function
of EOT, from OTF Ippny measurement on PNO and TNO
devices [18]. Averaging in n takes care of experimental scatter,
as shown in Fig. 3. Note that F/4 obtained at fixed stress time
is different from E 4 (D) and is discussed in Section II-D. For
PNO, the obtained n and E 4 are independent of EOT in the
range studied. However, for the TNO device, both n and E 4
increase with reduction in EOT, and the smallest EOT TNO
shows similar n and E 4 as PNO devices.

It is generally believed that Nyt generation would show
power-law time dependence and strong 7' activation [8], [14],
[15], [17], [19], while hole trapping in preexisting traps would
show log time dependence and weak 7' activation [23]-[27].
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Note that power-law time dependence (Fig. 1), very similar n
for a wide range of stress Vz and T' (Fig. 3), strong 1" activation,
and identical F 4 (D) and Epx dependencies for Iy n and CP
measurements (Fig. 4), suggests that NBTI in PNO films is
dominated by the generation of Nrt. This is also consistent with
EOT independence of n and E4 for such films (Fig. 5). The
very high NBTI degradation (Fig. 2) with log time dependence
(or power-law dependence with low n) and low T activation
(Fig. 5) suggest ANy -driven NBTI for thick TNO. As EOT is
reduced, hole-trapping volume reduces, and therefore, n and
FE 4 increases for TNO films. Thin TNO shows identical n and
FE 4 as PNO, and NBTI in such films is again dominated by Nyt
generation [17], [19]. Modeling of Ny generation is discussed
in Section II-D.

B. Measurement (Method, Delay)-Related Issues

As discussed in the Introduction, measurement-artifact-free
NBTI data are a prerequisite for robust theoretical analysis
of NBTI degradation. It is now well known that NBT-stress-
induced degradation recovers significantly after the stress is
removed [14], [25]-[27], [33], [34]. Therefore, conventional
SMS schemes show recovery-induced artifacts, such as lower
degradation magnitude and higher n [33], [34]. Fig. 6 (top)
shows time evolution of AV that is obtained from the follow-
ing: 1) OTF Iprin [33] and 2) delay Ippin (gate bias moves
down from stress to measurement voltage, Iprn is measured,
and then gate bias moves back to stress [45]) at varying-
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Fig. 7. Time evolution of AVy for various splits (as shown in Table I)
obtained from delay Ipy,jn measurements.

measurement gate voltage (Vg meas). Note that, for delay
Iprin measurement, not only the measurement-related (stress-
off) delay time (¢-delay) but also Vg meas strongly influences
the slope and magnitude of AV7y. Lower magnitude and higher
n are measured, as t-delay is increased [33], [34] or for a given
t-delay as |V mpas| is lowered [15]. While the impact of
t-delay on measured n is relatively easy to comprehend, the
impact of |Vg meas| (or, for that matter, whether the gate has
transitioned directly from stress to measurement or transitioned
via 0 V) is more subtle, not always well appreciated, yet it
equally affects NBTI measurement. Fig. 6 (bottom) shows the
measured power-law time exponents from delay Ippn and
CP measurements for various 7" and ¢-delay [20]. For a given
t-delay, n increases with increase in 7' and may suggest non-
Arrhenius 7" activation [45], [46]. However, the phenomenon is
arecovery artifact as it reduces with a reduction in ¢-delay and n
becomes independent of 7" for OTF, as described in the previous
section. Furthermore, it is important to note that, for a given
T and t-delay, n (and hence, recovery) is higher for CP than
Ippin [20]. This is expected, since unlike Ippin, Vg become
positive during CP measurements, leading to higher recovery.
Difference in recovery between Iprin and CP measurements
creates complications for direct comparison (as done in [23])
and is discussed later.

Fig. 7 shows the time evolution of AV for various gate-
insulator processes (variation in thickness and nitrogen dose,
see Table I) obtained from delay Ippn measurements [20].
Since OTF measurements show identical n for all these splits,
the difference in n between different splits is due to the differ-
ence in recovery. It is observed that thin PNO and TNO samples
show very similar n (and, hence, recovery), irrespective of N
dose (within 10%—20% range as studied in this paper), which
is lower than that for SiOy films having similar EOT. For
thicker PNO films, n increases with increasing EOT and implies
increased recovery with increasing film thickness. Similar ma-
terial dependence of recovery has recently been reported [14].
It is evident that delay Ipyn or similar conventional SMS mea-
surements would introduce significant uncertainty in measured
degradation and cannot be used for reliable estimation of NBTI
degradation.

Note that identical 7" activation and Eox dependence of
Iprin and CP results for thick PNO (as shown in Fig. 4)
suggests Nyr-generation-driven Vi shift for such films. This
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is because, while Ipy,n measures total AV due to ANj, and
A Nrr, CP measures the contribution that is due to A Nyp only.
Therefore, a simple and direct comparison of NBTI magnitude
from Iprn and CP would ideally be a much straightforward
method to estimate whether AVr can be entirely attributed
to ANit alone or not. Indeed, the difference of absolute
levels of NBTI degradation, as measured by CP and Ippin
methods, has been used to isolate relative contributions from
Nit and N, and to suggest that hole trapping (N}, ) dominates
NBTI degradation, presumably in all films [23]. However, such
straightforward analysis is not possible due to the following
reasons [19]. First, inherent delay and large recovery associated
with CP would cause lower AVy magnitude during NBTI
stress. Moreover, the energy zone in the band gap scanned by
CP (near midgap [53]) is quite different from that scanned by
Ippin (full band gap E). Therefore, the generation of AV,
as directly measured from CP and Ipy1n, cannot be compared
to each other, as in [23], without correcting for differences in
scanned energy zones in the band gap and measurement delays.
A first-order correction procedure is discussed as follows.

Fig. 8 (top) shows the time evolution of AVy for thick
PNO device obtained from CP measurements with different
rise and fall times of the gate pulse. Energy zone in the band
gap (AFE) scanned by CP increases with the reduction in
rise—fall time, resulting in higher Alcp and calculated AV (=
q - ANi1/Cinvy, Cinv is the gate capacitance in INV) magni-
tude (see [53] for details). Note that the extracted CP energy
zones are much smaller than E. Hence, the difference in CP
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Fig. 9. Time evolution of (top) threshold-voltage degradation and (bottom)
stress-induced leakage current for various stress-gate bias. Stressing was done
ona 36 A° p-MOSFET at 27 °C in INV. SILC was measured at Vg = —4 V.

and Iprn energy zones must be accounted for by multiplying
the CP data with the E/AF ratio as a first step toward direct
comparison, as shown [19]. Note that (NBT-stress-induced)
generation of donorlike Ny throughout the band gap is as-
sumed for this calculation. This model can successfully explain
the skew in C-V curve after the NBT stress [57], without
assuming any unrealistic 1: 1 correlation of interface traps and
fixed charges. However, any localized (near the edges in energy
band gap [58]) peak in trap generation while detected by Iprn
cannot be accounted for when CP data are corrected for the
difference in AFE, as done earlier, and would result in lower
AV estimation.

Fig. 8 (bottom) shows the time evolution of AV for thick
PNO device obtained from CP measurements, after A E correc-
tion (as described earlier) but with different measurement delay.
AV obtained from OTF Ipp 1y is also shown. Reduced delay
reduces n and increases AV magnitude. Therefore, zero-delay
data must be calculated as a second step for direct comparison
of CP and Ipyy results. When corrected! based on RD model
with molecular Hy diffusion (as justified later in Section II-D),
the difference between AVr obtained from Ippy and CP
reduces to within 20% of each other (without accounting for
any localized peak interface-trap generation near the CB edge
in the band gap) and not ~10 X, as one would obtain (and,
therefore, conclude ANt contribution to AVr is negligible
[23]) if the differences in measurement delay and energy zones
are not taken into account.

C. Stress-Bias-Related Issues

As aforementioned, it is important to choose the correct mea-
surement method for proper estimation of NBT degradation.
Similarly, it is also equally important to choose the proper stress
condition, such that only NBTI-related defects are accelerated
and no new defects are formed. Fig. 9 (top) shows the time

!Fractional recovery is measured (separately) after 1000-s stress and unre-
covered AV (at t = 1000 s) is calculated. For t < 1000 s, AV (t) data are
generated using specified RD solution trend line (n ~ 1/6).
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evolution of AV for thick SiO; p-MOSFET under INV stress
at different V. AVr is obtained from Ip—V; measurements,
after interrupting stress at log time intervals (SMS measurement
scheme). At low Vi, AVr shows power-law time dependence
(t™) with n ~ 0.25 for the entire stress window (the impact of
measurement delay on n is discussed in Section II-B). At high
Ve, AVr shows identical (as low V;) degradation rate for short
stress time but breaks off from the initial trend and drastically
increases at long stress time. The break-off time decreases and
postbreak slope increases as stress V¢ is increased [8], [28].
Such behavior has also been observed in thinner oxynitride
devices [30] and needs careful attention.

To check whether such atypical features in AVp is
due to bulk-trap contribution, Fig. 9 (bottom) plots SILC
(AJg(t)/Ja(t = 0), plotted in a semilog scale) under identical
stress conditions. SILC was also measured by interrupting
stress at log time intervals (on separate samples), and multiple
Io-Vg sweeps were performed to nullify any effect due to
trapped charges (transient SILC) [47]. SILC uses mid-thickness
bulk traps for conduction and, therefore, correlates well with
bulk-trap generation [48]. While not seen for low Vi stress,
SILC is clearly observed for high Vg stress (and shows the
characteristic ¢'/2 time dependence when plotted in a log-log
scale, not shown), indicating bulk-trap generation. It is clear
from Fig. 9 that the onset and magnitude of SILC matches
very well with that for AV under identical stress conditions.
Note that the bulk traps responsible for SILC are generally
believed to be neutral [49]. However, since SILC and long-
time enhanced AV shows identical time exponent and voltage
acceleration, we believe a fraction of these neutral traps capture
holes, become positively charged, and contribute to AVy. This
is verified by calculating the contribution of ANgt to overall
AV, as shown using dashed lines in Fig. 9 (top) [8], [28].
Indeed, the asymptotic AV at high-stress Vi shows voltage
acceleration of 4.95 V/dec, which is identical to that obtained
for ANgT [50]. Therefore, we conclude that there could always
be a significant ANt contribution to NBTI data if stress Vg
is too high.

Having established the generation of bulk traps during NBT
stress, it is important to understand the physical origin of this
process so that one could stay in safe test regions (avoid ANt
contribution) for all oxide thickness and voltage conditions. To
explain the role of stress bias, Fig. 10 (top) shows the energy-
band diagrams for p-MOSFET under constant voltage stress
in INV as follows: 1) low Vg (Vg = 0); 2) high Vg (Ve = 0);
and 3) low V¢ but high Vp. At all (low to high) Vi;, Nyt gen-
eration due to breaking of = Si—H bonds at Si—SiOs interface
(as shown in Fig. 10 bottom) is triggered by either electrons
that tunnel from poly-Si to substrate or by holes that are
present at the substrate and tunnel into the oxide, as shown in
Fig. 10(a) (more on this in Section II-D). At high V5 (Vs = 0),
Nor generation (breaking of = Si—O bonds at oxide bulk, see
Fig. 10 bottom) is triggered by impact ionization and hot-hole
generation at the substrate, as shown in Fig. 10(b) (top) [50],
[51]. This is consistent with the fact that a high-stress Vp at low
Ve keeps Eox low but independently increases the hot-hole
population [see Fig. 10(c) (top)] and results in similar enhance-
ment of degradation (see as follows and also [8], [28], [31]).

Si Oxygen

Si0,

Si
Hydrogen

Fig. 10. Energy-band diagrams for p-MOSFET (p+ poly-Si, n-type substrate)
under constant voltage stress in INV for (a) low gate bias, (b) high gate bias, and
(c) high substrate bias at low gate bias, electron (solid circles) and hole (open
circles) currents are shown (top), and schematic of Si—SiOg system showing
= Si—O0 and = Si—H bonds (bottom).

As shown in Fig. 10 (top), hot-hole generation is governed by
gate leakage and quantum yield (QY) (efficiency of an electron
tunneling into the substrate from gate to create impact ioniza-
tion [52]). While the gate leakage is governed by gate-insulator
thickness and N concentration, QY is related to the energy of
electrons and, hence, stress V. To achieve a particular Fox
during NBTI stress, thicker insulators would require higher
Ve but would show lower gate leakage, and thinner insulators
would require lower Vi but would show higher gate leakage.
Therefore, it is difficult to define a general upper limit of
“safe” Fox (or Vi) during NBT stress. However, for sub-2-nm
films (which are of particular interest at present), experiments
(n independent of stress Vz) have shown that up to about Fox
of 9 MV/cm can be considered as safe to avoid generation of
bulk traps.

As discussed above, broken = Si—O bonds (in the presence
of hot holes) at the oxide bulk shows up as SILC. It is therefore
possible that broken = Si—O bonds near the Si—SiO» interface
would be detected by CP measurements [53] and show up as
additional interface traps. Fig. 11 shows the time evolution of
ANr (measured by CP) in SiOs p-MOSFET stressed under
different V but constant Viz [31]. Increasing Vg stress was
used to generate increasing amount of hot holes in the channel
by impact ionization [see Fig. 10(c) top)]. ANyt shows the
usual power-law time dependence, with relatively? lower n for
stress at Vg = 0. A Nyt increases with hot-hole energy as stress
Vg is increased, and the power-law signature is maintained al-
though with a higher value of n. Note that the break-time (time

2The absolute value of 7 is large due to recovery artifacts, see Section II-B.
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Fig. 11. Time evolution of interface-trap density for Vg = 0 and 2-V stress.
Stressing was done on 26 A° p-MOSFETs at 7' =27 °C in INV. Time
evolution of Vg =2 V stress-induced enhanced-interface trap density and
SILC are also shown. SILC was measured at Vg = —2.0 V.

beyond which Vg > 0 induced A Nyt enhancement shows up)
reduces as Vp is increased (not shown). Time evolution of
Vg >0 stress-induced additional degradation {AZNjr =
AN (Vg > 0) — ANt (Ve = 0)}, together with measured
high-V SILC are also shown in Fig. 11. Additional ANy
and SILC were observed only for Vp >0 stress under
significant hot-hole generation (this is similar to that discussed
before), both show good correlation with QY [52] of hot-hole
generation as Vp is increased [29] and show power-law time
dependence with very similar power-law slope (n ~ 0.5)
characteristics of bulk-trap generation [50].

Therefore, measured Nir generation has two different
origins due to broken = Si—H and = Si—O bonds (Fig. 10
bottom) [32]. When hot-hole generation is insignificant, N1t
is due to broken = Si—H bonds at the Si—SiOs interface and
subsequent diffusion of released hydrogen (discussed in detail
in Section II-D). Additional = Si—H bonds can get broken in
the presence of hot holes. However, since hot-hole density is
much less than that of INV-layer (cold) holes, hot-hole-induced
broken = Si—H bonds would be insignificant as compared to
= Si—H bonds broken by cold INV-layer holes. In the presence
of large hot-hole generation (when the magnitude of stress Vi
or Vg is high), broken = Si—O bonds at or very close to the
Si—Si0s, interface makes additional contribution and increases
the overall magnitude and n of measured A Nyt. As discussed
earlier, care should be taken to avoid breaking = Si—O bonds
during NBT stress. In the next section, a possible mechanism
of breaking = Si—H bonds is discussed.

D. Interface-Trap-Generation Mechanism

Having established that the presence of hot-holes during
NBT stress breaks = Si—O bonds, which must be avoided dur-
ing accelerated stress, it is important to identify how = Si—H
bonds get broken so that proper voltage-acceleration models
can be developed. Here, we consider films that have negligible
hole-trapping. Fig. 12 (left-hand side) plots stress Vi and
Eox required to achieve a particular ANyt (= Cox/q. AVr,
Cox being oxide capacitance) at a particular stress time, for
SiO2 p-MOSFETs having different oxide thickness (Tpyy ) [8],
[9]. Excellent correlation is observed across physical thickness
(Tpuy) when ANyt is correlated to Eox and not Vi (similar
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Fig. 12. Stress Vg and Eox required to obtain a particular degradation
for p-MOSFETSs having different Tox (left-hand side) and time evolution of
normalized linear drain—current degradation measured at a fixed-gate overdrive
for p- and n-MOSFETs stressed at RT in INV and ACC (right-hand side).
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conclusion was also obtained in [12]), which suggests NiT
generation due to broken = Si—H bonds is an Egx— (not Vg,
as suggested in [39])-driven phenomenon. Fig. 12 (right-hand
side) plots AIp(t)/Ip(t = 0) for SiO2 p- and n-MOSFETs
(identical Tppy) stressed in INV and accumulation (ACC).
Ip was measured at a fixed gate overdrive (Vi — V), which
nullifies any trapped-charge effect and reflects mobility degra-
dation. Note that due to Vgp differences, Vg acc = Vg, inv £
1 V for identical Fox during ACC and INV stress [8]. It
is shown that ANyt depends on the following: 1) Fox, i.e.,
p-MOSEFET stressed in INV and n-MOSFET stressed in ACC
show similar Al at identical Eox and not at identical Vi and
2) hole density (P), i.e., for identical Fox, Alp is largest for
p-MOSFET stressed in INV and n-MOSFET stressed in ACC
(holes at Si/Si0 interface), followed by p-MOSFET stressed in
ACC (holes tunnel from p* poly gate) and n-MOSFET stressed
in INV (holes generate and tunnel from n* poly gate). It is
evident from the earlier discussion that both INV hole density
and Eox (not electron gate current and Vi [39]) are responsible
for the generation of Ny during NBT stress.

A hole-assisted field-enhanced thermally activated = Si—H
bond-breaking (generation of Nyr) mechanism is shown in
Fig. 13 (see [18] for detailed modeling). Under a favorable
Eox, INV layer holes (density proportional to F¢, which is



MAHAPATRA AND ALAM: DEFECT GENERATION IN p-MOSFETs UNDER NEGATIVE-BIAS STRESS 43

a semiconductor field to support INV layer) tunnels through
the valence-band barrier at the Si—SiO- interface (probability
~exp(yr - Eox)) to = Si—H bonds and get captured. The
original energy barrier for the breaking of = Si—H bonds get
reduced from Er to Epg — - Fox(Fr to Epg due to hole
capture and by an additional amount « - Fox due to field-
induced dipole stretch-out, where « is the = Si—H dipole-
polarization factor). The weak = Si—H bonds subsequently get
broken by thermal excitation (rate ~ exp(—(EFro — a - Eox)/
kT). The released H diffuses out and determines the time
evolution of Ny generation [37]-[39], [41]-[43], [45], [46].

According to the existing RD approaches, the nature of
diffusing H species and the type of diffusion determines the
power-law time-exponent n. Classical Arrhenius-activated (n
independent of stress 7") diffusion models suggest n = 0.16 for
Hs, n = 0.25 for H?, and n = 0.5 for Ht diffusion [42], [59].
Dispersive-diffusion models (n linearly dependent on stress 1"
suggest n < 0.16 for Hy, n < 0.25 for H” and n < 0.5 for H
diffusion [45], [46]. As measured n is independent of 7' for
OTF measurements (within experimental scatter, see Fig. 3),
it rules out any substantial dispersive diffusion of hydrogen
(note that T dependence of n is an artifact of measurement
delay [15]). The classical diffusion model correctly suggests
T independence of n, although it predicts somewhat higher
n (~0.16) than measured (n ~ 0.14 for standard OTF, which
slightly reduces and saturates to n ~ 0.12 for fast OTF [21] in
PNO samples, where NBTI is presumed to be dominated by
Nit generation). This small difference in time exponents can
be due to one or more of the following reasons: 1) measurement
issues (small overshoot in Ip( during OTF), 2) small dispersion
in diffusion of Hs in poly-Si [43], 3) possible reflection at the
poly-Si/oxide interface due to differences in Hy diffusion co-
efficients [59], and 4) Nyt screening related reduction of Fox
at the Si—SiO, interface at high-stress time [35]. A detailed
discussion on these nonideal effects is beyond the scope of this
paper, but as such, we proceed to explain the broad features of
Nyt generation during NBT stress by classical idealized RD
approach. In addition, note that any additional hole-trapping (in
thicker TNO samples or not properly optimized PNO samples)
must be separately treated, which has been discussed elsewhere
[35] and will not be discussed here.

The solution of classical RD model suggests [8], [43], [59]

Cinv/q"AVp = AN
= [k - No/kg]*/®
 [Do exp(—Ea(D)/kT)t]" (H

where n is the power-law time exponent, kr and kg are the
forward- and reverse-reaction rates (breaking and annealing
of = Si—H bonds), Ny is the total density of = Si—H bonds
before stress, Dy and E 4 (D), respectively, are the prefactor (T’
independent) and activation energy of diffusion for molecular
Hs. It is expected that kr and kr are similar in magnitude,
as ANyt stress and recovery are readily observed even at RT
[31]. Assuming that kg ~ kg in (1), AVp(t) data obtained at
different T" can be scaled in time (at constant AV7) to obtain ac-
tivation of diffusion F 4 (D). Note that the magnitude of E 4 (D)
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Fig. 14. Constant time scaling (along Y -axis) and constant degradation-level
scaling (along X -axis) factors obtained from 7T-dependent AV (t) data (top)
and Eox dependence of AV plotted according to the relation AVyp = A -
P2/3 exp(B - Eox) (bottom), which is obtained from OTF measurements for
different splits.

[identical for Iprn and CP measurements, as shown in Fig. 4
(top)] suggests molecular Hy diffusion [60], which is consistent
with the obtained value of n. Furthermore, note that the overall
activation of degradation (at constant time) is governed by the
activation of diffusion by the relation E4(AVy) = Ea(D)*n
[8], [43].

Fig. 14 (top) shows the constant time (Y -axis) and con-
stant AV (X-axis) scale factors obtained using 7-dependent
AVrp(t) data for PNO, thin TNO, and control samples [8],
[9]. The activation energy for overall NBTI, E4(AVr), is
related to E'4 (D) by the exponent n as expected from the RD
model solution. The scaling scheme holds for a wide range
of splits, again confirming the universality of the underlying
physical mechanism. It is important to note that as E4(D)
is the physical quantity, measured E4 of overall NBTI (at
fixed time) is dependent on measurement delay, hence n. This
has important implication during F4 determination of overall
NBTI by conventional SMS methods, as well as comparing F 4
obtained by different techniques (e.g., £/4 from CP will never
be the same as that from Iprn). Fig. 14 (top) unequivocally
shows that N incorporation (for PNO and thin TNO, in the
range of dose and EOT studied) does not change the underlying
physical mechanism of NBTI, i.e., Nir-generation-driven Vp
shift during stress.

As the diffusion species is neutral, Fox dependence of
NBTI is governed by the term [kx - Ny /kg]?/? [see (1)], which
refers to detailed balance between breaking and annealing
(of = Si—H bonds) terms. As the reaction term is believed to be
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caused by tunneling of INV layer holes into interfacial = Si—H
bonds (as described before, see Fig. 13), [kr - No/kr|*/? ~
P?/3 exp(B - Eox), where P is the INV hole density, and (1)
can be rewritten as [20]

AVy = A- P?3exp(B - Eox)" [Do exp(—FEa(D)/kT)t]"
2)

where A, B, and Dy can be functions of N concentration.
Fig. 14 (bottom) shows the Fox dependence of AV plotted
according to (2) for various thin PNO and TNO films [20]. The
field acceleration factor B reduces negligibly with increasing
N content for PNO films (control film shows B = 0.38, not
plotted). However, for TNO films, B reduces drastically with
increasing N dose. For a given dose, B is much higher for
PNO compared to TNO films. As NBTI is due to INV layer
holes tunneling into (and assist in breaking) interfacial = Si—H
bonds, N near the Si—SiOs interface would lower the tunneling
barrier (and also possibly reduce the reaction energy [11]) and
hence cause higher Nit generation and hence higher NBTIL.
For a given total nitrogen dose, TNO films have higher N con-
centration at the Si—SiO; interface as compared to PNO films
[55], [56], which explains the larger reduction in B for TNO
as compared to PNO films. Moreover, this also explains why
AVr (normalized to Tinvy) for PNO films reduces at higher
EOT in spite of higher total N dose for thicker films. Lower
B for TNO films implies higher NBTI as Fox is scaled down
from the stress to operating conditions. Therefore, reduction in
NBTI lifetime with increasing N dose would be more for TNO
when compared to PNO.

III. CONCLUSION

To summarize, interface-trap generation (A Nyr), hole trap-
ping in preexisting traps (ANpy), and bulk-trap generation
with subsequent hole trapping (ANot) is studied for NBT
stress under a wide range of stress conditions, on p-MOSFETs
fabricated using a wide range of gate insulator processing
(EOT, nitrogen dose, type of nitridation) condition. ANgT is
caused by the generation of hot holes under large-stress bias
(Vg as well as Vp), which results in high degradation rate
and affects Vr shift (AVr) at longer stress time, corrupts
extrapolation to end-of-life and, therefore, must be avoided by
proper choice of bias during accelerated stress test. With proper
NBT stress (absence of hot holes), AV is due to ANyt for
a wide range of gate-insulator process (thin and thick PNO
and thin TNO, moderate nitrogen dose) and is influenced by
INV layer holes and oxide field (Eox). When measured using
no-delay technique to nullify recovery-induced artifacts, the
time and T dependence of ANt can be explained using the
RD model with nondispersive diffusion of molecular hydro-
gen. The density of nitrogen near the Si—SiO, interface (not
total dose) influences the magnitude and Fox dependence of
ANrr, hence AVr. Thicker TNO films with larger interfacial
nitrogen density shows AN;, (in addition to ANyr), which
increases the magnitude, but reduces the n and E 4 of overall
measured AVrp.
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