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Abstract

A detailed understanding of the physical mechanisms be-

hind hole capture in pMOSFETs is essential for a number

of reliability issues, including the negative bias temperature

instability (NBTI), hot carrier degradation, random telegraph

and 1/ f noise. In order to better understand the controversial

frequency dependence of NBTI, we study the frequency de-

pendence of hole capture on individual defects by extending

the time-dependent defect spectroscopy (TDDS) to the AC

case. Conventionally, hole capture is explained by a first-order

process using effective capture and emission time constants,

τc and τe. Our experimental data clearly reveals, however, that

this assumption is incorrect under higher frequencies where

modern digital applications typically operate. In particular,

the frequency dependence visible in these effective capture

times clearly confirms that hole capture must occur via an

intermediate metastable state. Interestingly, the metastable

state we have previously introduced to explain the DC-TDDS

data also fully explains the AC-TDDS case.

Introduction

Among the most controversial issues surrounding NBTI

is its frequency ( f ) dependence [1–14]. One reason for the

controversy might be related to experimental uncertainties

caused by the measurement delay [15, 16]. We have recently

suggested a method to study the f dependence independently

of the measurement delay by monitoring ∆Vth after a long

controlled recovery time equal the stress time, tr = ts: if

the hole trapping component of NBTI were a collection of

independent first-order processes, then ∆Vth(tr = ts) must be

independent [17] of f . Detailed experiments on a number

of technologies confirmed that this is not the case and that

∆Vth(tr = ts) does depend on f . We have suggested that a

three step charging process via a metastable state could be

responsible for this effect [4, 16], see Figs. 1 and 2. Up to now,

however, no microscopic evidence of such an f dependent

process is available on individual defects.

The recently suggested time-dependent defect spectroscopy

(TDDS), a variant of deep-level transient spectroscopy [18]

(DLTS), has allowed us to study charge capture and emission

times of individual defects in much greater detail than possible

using conventional random telegraph noise (RTN) analysis

[19]. These TDDS studies have revealed that the hole capture

time constants in pMOSFETs are very sensitive to the gate bias

but tend to saturate for very large biases. Furthermore, hole

capture is thermally activated, consistent with a nonradiative

multiphonon (NMP) process. However, the observed hole

emission times are much larger than one could expect for a

conventional NMP process. Finally, in some defects (switching

traps) hole emission is considerably accelerated once the

transistor is switched towards accumulation [19–21].

Theory

In order to explain the DC-TDDS data, we have introduced

two metastable states into the defect model (Fig. 1): while

charge capture itself proceeds via a conventional NMP process

from state 1 into the metastable state 2’, the defect is required

to relax over a thermal barrier before finally reaching the stable

positive state 2. Conversely, the defect can be electrically

neutralized by going from state 2 to the metastable state 1’,

which eventually accelerates annealing of the defect back to

state 1. The existence of the metastable state 1’ is directly

visible experimentally, as it is responsible for the switching

trap behavior [22], slow reverse recovery [23], and temporary

RTN [24] (stimulated anomalous RTN [25]). However, no

direct evidence of state 2’ has so far been given, but its

existence was postulated to explain the saturation in τc with

increasing gate bias and the decorrelation of τc and τe [19].

This allowed us to explain the time constants using established

physical mechanisms, see Fig. 3. Otherwise, a new physical

mechanism would have to be invoked. As argued previously

[16], a unique fingerprint of state 2’ would be an f dependence

of τc, see Fig. 2 and Figs. 4–7.

By extending the TDDS to the AC case [26], we will

show in the following on individual defect data that state

2’ must exist and charge capture can therefore not be the

conventionally assumed first-order process.

Experimental

In a DC-TDDS experiment, a small-area device is stressed

for a fixed amount of time, ts. Following stress, the discharging

transient is recorded starting from the microsecond regime

using a previously developed ultra-fast technique [27]. Given

the small area of the device, individual discharging events are

visible as discrete steps in the ∆Vth recovery [17, 19, 21, 28].

The experiment is repeated N times for the same ts to collect

the statistical distribution of step-heights and emission times.

The collected step-heights and emission times are visualized

in a spectral map. For a first-order process, the emission times

must be exponentially distributed, which results in marked

clusters in the spectral map. Collecting spectral maps for

different ts allows for the extraction of the effective capture

time constant.

To extend on our previous studies, we do not merely subject

the device to DC stress conditions, but also to AC stress in

the range f = 1kHz−5MHz. We reuse the well-characterized

device of our previous studies [19, 21], which is a production-

quality p-channel MOSFET [29] with a 2.2nm thick plasma-

nitrided oxide and W/L = 150nm/100nm. Prior to the AC-

TDDS experiments is was confirmed that the spectral maps

had not changed during the last three years, despite heavy use

in DC-TDDS experiments for effectively more than a year.

For an accurate analysis of the capture time constant, three
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spectral maps per decade were recorded (compared to a single

one [19]), starting from ts = 10µs up to 10s (giving 24 spectral

maps). The stress voltage was swept from−1.3V up to −2.3V
at 125 ◦C and 175 ◦C, resulting in about 500 maps.

Results

A typical set of spectral maps is shown in Fig. 8. As

predicted by the theory of the three-state defect in Fig. 4, the

capture probability Pc of the clusters associated with defects

#3 and #4 decreases with increasing frequency. Fig. 9 shows

Pc for these two defects as a function of ts at two different

biases and temperatures. Clearly, with increasing frequency the

capture time constant increases, inconsistent with a first-order

process, which can only have frequency-independent capture

times [15, 26].

At the two temperatures considered in this study, defects

#1 and #2 are too fast (τc < 10µs) and cannot be analyzed.

On the other hand, defects #3 and #4 fall squarely into our

measurement window.

The bias dependence of defect #3 under DC conditions is

shown in Fig. 10 for two temperatures. Very good agreement

between theory and data is obtained, including the switch-

ing trap behavior at small VG. The bias-, temperature- and

frequency dependence is analyzed in Figs. 11–12. Defect

#3 shows a marked frequency dependence, with changes

of τc by one order of magnitude. Fig. 13 summarizes the

frequency dependence by showing the two corner-frequencies

fc = α max(a,b)/2 and fm = (1− α)d/2 that follow from

w( f ), with duty-factor α and the effective rates a, b, and d, all

defined in Fig. 4. In order for the defect to have a frequency-

dependent τc, fc . f . fm. While fm is weakly temperature-

dependent but bias-independent, as the effective rate d is

considered at VG = VL, fc depends strongly on VG = Vs = VH
and on temperature. Roughly, τc of defect #3 will change by

about three orders of magnitude in the technologically relevant

frequency range of 10kHz to 100MHz.

An analogous analysis is given in Figs. 14–17 for defect

#4, which does not show any switching trap behavior under

DC conditions. Contrary to defect #3, #4 shows a stronger f

dependence within the measurement window at 125◦C, where

τc changes by nearly two orders of magnitude. On the other

hand, the extrapolated maximum change is about similar to

that of #3 (three orders of magnitude), but saturates already

at about fm = 10MHz. Conversely, the onset of the frequency

dependence occurs earlier, with fc ∼ 10kHz. Finally, the bias

range where τc is frequency-dependent is significantly smaller

than that of #3.

Conclusions

Our detailed analysis of the frequency dependence of the

capture time of oxide defects in pMOSFETs clearly confirms

our previous hypothesis that charge trapping is not a simple

first-order reaction. Quite importantly, the metastable states

introduced into the model previously to explain the DC case,

also capture the frequency dependence without introducing any

new parameters, adding considerable credibility to the model.

Most importantly, the conclusions drawn previously regard-

ing the frequency dependence of NBTI in SiON and high-k

oxides [4, 16] are fully consistent with the present microscopic

defect study. In particular, with increasing frequency the oxide

defects become harder to charge, thereby reducing NBTI at

higher frequencies and resulting in a lifetime gain. Conversely,

the clearly identified f dependence impacts the accuracy of

many characterization techniques such as charge-pumping and

capacitance-voltage data analysis, which are based on first-

order processes and therefore misinterpret the oxide defect

density profile when performed at higher frequencies.
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Fig. 1: Complete defect model extracted from
detailed DC-TDDS studies [19, 24].
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Fig. 8: Some selected experimental DC- and AC-TDDS spectral maps, demonstrating the f dependence of τc. As predicted by the three-state theory of Fig. 4,
hole capture is delayed under AC conditions compared to DC (left). With increasing frequency, the capture time constants of defects #3 and #4 increase. As
defects #1 and #2 have capture times shorter than 10µs at the two temperatures considered here, any potential frequency dependence could not be resolved.
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AC conditions as a function of bias at 125◦C (left) and 175◦C (right). Compared to #3, defect #4 has
a significantly lower fm ≈ 1MHz.
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Fig. 16: Comparison of model (lines) and data (syms) for the bias dependence of τc of defect #4 under
AC conditions as a function of f at 125◦C (left) and 175◦C (right). Note how τc( f ) saturates earlier
than that of #3. Again, the effective model of Fig. 3 does not give any f dependence, despite the perfect
agreement under DC conditions (dotted lines).
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Fig. 17: Same as Fig. 13 but now for #4. Just like
the τc of #3, the increase can amount to a factor
nearly as large as 103 . However, the bias range of
#4 is somewhat narrower.

Fig. 18: The parameters for the two defects required to capture the bias, T ,
and f dependence of τc and τe for |VG| > |Vth|. The depth into the oxide is x,
the distance to the Si valence band ∆E1, the relaxation energy ER, the thermal
transition 2′ ↔ 2 is described by E2′2 and E2′2, while R is the quadratic coupling
coefficient [24]. Furthermore, a constant capture cross section of 10−15 cm2 and
an attempt frequency of 1013Hz were used.

x ∆E1 ER E2′2 E2′2 R

#3 3.7Å −0.95eV 0.58eV 0.32eV 0.71eV 0.33

#4 6.2Å −0.74eV 0.99eV 0.28eV 0.68eV 0.87
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