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Abstract—Negative bias temperature instability (NBTI) is a serious
reliability issue for p-channel MOSFETs when stressed with negative
gate voltages at high temperatures. There is not any analytical models
of NBTI reported so far, which considers the dynamics of NBTI
that are commonly observed in experimental data obtained from fast
measurement techniques. An analytical model for NBTI is urgently
required for circuit simulation purposes. In this paper, we present an
analytical solution of switching trap model, which explains the dynamics
of negative bias temperature stress.

I. INTRODUCTION

The traditionally employed reaction-diffusion theory for modeling
the negative bias temperature instability is based on a diffusion-
limited creation and annealing of interface states [1, 2]. Recent reports
have clearly demonstrated the failure of this model to capture the
dynamic properties of the phenomenon, including the logarithmic
recovery, AC vs. DC stress, the duty-factor dependence, and the
strong gate voltage sensitivity during recovery [3–6]. Even though
the physical mechanisms behind NBTI are still controversial, It is
recently reported that there are two mechanisms mainly contributing
to NBTI which are (i) trapping of holes into the oxide and (ii)
creation of interface states [7–10]. The former is responsible for the
recoverable component and latter for the permanent component of
NBTI.

We have recently suggested a model that can succesfully explain
the experimentally observed features [8]. The model assumes that
in stage one individual defect precursors (oxygen vacancies) can
capture holes, which in stage two favors the creation of interface
states. Due to the amorphous nature of the oxide, the defects are
assumed to exist with a wide distribution of properties, most impor-
tantly the multiphonon barriers, the energetic levels of the precursor
and the created defect. Lacking more detailed information, uniform
distributions of these barriers and levels have been assumed so far,
consistent with previous reports on oxide defects [11]. While each
single defect is described by only one set of coupled rate equations,
the overall (measurable) degradation is obtained by averaging the
responses of a large number of such individual defects. So far, only
numerical solutions of the resulting equation system have been given.
Unfortunately, the impact of the individual model parameters on the
model behavior is obscured by the numerical solution procedure. In
order to better understand their impact and also to provide reliability
engineers with an tool-box that is intuitive to use, an analytic solution
of the model is urgently needed. This is a formidable task and
first results for the hole capture component (stage one) will be
presented in this paper. Section 1 explains the analytical solution of
the recoverable charge trapping component of NBTI and a simplified
solution of the model is presented in Section 2. The validation of the
model by comparing with experimental data is given in Section 3.
The conclusions are drawn in Section 4.

II. ANALYTICAL SOLUTION

Fig. 1 shows the Harry-Diamond-Labs (HDL) switching trap
model [9] that is used to model the recoverable charge component of
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Fig. 1. The Harry-Diamond-Labs (HDL) switching trap model [9] used
previously to model the recoverable charge trapping component of NBTI
(stage one) [8]. It assumes that a defect is created from the precursor state 1
by capturing a hole via a field-assisted lattice relaxation multiphonon emission
(LRME) mechanism [12, 13]. Once the defect is created, its charge state
quickly follows the Fermi-level, being positive in state 2 and neutral in state
3. Full annealing of the defect is possible from the neutral state 3 only.

NBTI (stage one of [8]). Upon application of stress, the Si-Si bond
of the precursor breaks and a hole is trapped into an oxygen vacancy
at the silicon-oxide interface which creates a positively charged E′

γ

center (state 2 in Fig. 1). The hole is captured via a field-assisted
lattice relaxation multiphonon emission (LRME) mechanism [12,
13]. The positively charged E′

γ center in state 2 can be neutralized
by emission of a hole (capture of electron). This is represented as
transition from state 2 to state 3 and the defect is neutral at state 3.
Being in state 3, either a hole can be captured again (a transition from
state 3 to state 2) or the structure can relax back to its equilibrium
state (transition from state 3 to state 1). Thus, the defect is positively
charged only when it is in state 2.

The rate equations describing stage one (cf. Fig. 1) read

ḟ1 = − f1k12 + (1 − f1 − f2)k31, (1)

ḟ2 = + f1k12 − f2k23 + (1 − f1 − f2)k32. (2)

where the hole capture and emission rates are calculated using similar
procedure reported in [8] as

k12 = p vth
p σp e−β(ΔEB+EVT)+F2/F2

c ,

k23 = p vth
p σp e

−βE
T
′
F ,

k32 = p vth
p σp and

k31 = ν e−βΔEA .
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Fig. 2. Under the assumption that the transition rates between states 2 and
3, k23 and k32, are much larger than k12 and k31, effective rates kAB ≈

k12 and kBA ≈ k31/(1 + k32/k23) can be defined. The factor 1/(1 +
k32/k23) gives the occupancy of state B according to Fermi-Dirac statistics
and considerably increases the charge detrapping time when the defect is
positively charged.

Here, p is the hole concentrations in the channel, vth
p the thermal

velocity, σp the capture cross section, EF the Fermi-level in the
channel, EV the valence band, ET the trap level, ΔEA and ΔEB

the multiphonon emission (MPE) barriers, Fc the reference field for
the multiphonon-field-assisted tunneling mechanism (MPFAT) and
β = 1/kBT .

The probability of being in state i is denoted by fi while the
transition rates from state i to j are given by kij [8]. Macroscopi-
cally observable quantities are obtained by summing the individual
responses

〈m〉 = N

Z
dX m g(X). (3)

with X as the unique configuration of random variables describing
the defect, g(X) their joint probability density function, and N the
number of traps. For oxide defects close to the interface we obtain
the charge contribution Qox(t) = q〈f2(t)〉.

Although the analytic solution of (1) and (2) for a single defect is
in principle straight-forward, no closed-form solution of the multiple
integration in (3) is possible and approximations are necessary. Note
that the transitions between state 2 and 3 are much faster than the
transitions between state 1 to 2 and 3 to 1, as the former require
significant structural relaxation. In other words, the charge state of
the switching trap, once created, quickly follows the position of the
Fermi-level. The effective model is given in Fig. 2

Consequently, (1) and (2) can be simplified to an effective rate
equation (see Fig. 2)

˙fA = − fAkAB + (1 − fA)kBA. (4)

The probability of having positively charged defects is then

f2(t) = f+
B (t) =(1 − fA(t))

k32

k23 + k32
. (5)

The solution of this equation system involves the very simple expo-
nential transition exp(−t/(kAB+kBA)), which can be approximated
by a step-function, see Fig. 3. Integration over these step-functions
following (3) is now in principle trivial. However, great care has to be
taken to properly account for the (time and bias-dependent) boundary
values of the various integrals, making the procedure extremely
laborious.

In order to demonstrate how we calculated the boundary values of
integration by approximating exponentials as step functions, for sim-
plicity, we consider integration with respect to one random variable
over a function exp(−t/(kAB+kBA)). Let us consider, for example,
X = f (a, b, c, d), where a, b, c and d are random variables describing
the defect. Since the rates kAB and kBA are functions of these random
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Fig. 3. Schematic of full solution and approximate solution of three defects
obtained using effective rate equation is shown in Fig. 2.

variables, the function exp(−t/(kAB + kBA)) can be rewritten as
exp(−tX). While integrating this function with respect to random
variable ’a’, exp(−tX) can be split as exp(−tf(a)). exp(−tY )
where Y = f (b, c, d). Now the integration boundaries are determined
by the switching function as

exp (−tX) =

(
0 a < aswitch

exp (−tY ) otherwise
(6)

where aswitch = exp (ε t f(a)) and ε has a value between 2 and 3.

Using an analogous procedure, the result obtained after multiple
integration using (3) is:

ΔQox(t) =
qΘ(S1, f2a(t), f2b(t))

(a1 − a0)(A1 − A0)(B1 − B0)
(7)

f2a(t) = BK − Θ(S2, 0, BA(t)) − Θ(S3, 0, BZ(t))

f2b(t) = BK − BS(t)

where the switching function Θ(S, a, b) can be written as

Θ(S, a, b) =

(
a S ≥ log (t)

b S < log (t)
(8)

and other auxiliary quantities are given in Appendix. The threshold
voltage shift due to a change in oxide charge is given by ΔV ox

th (t) =
−ΔQox(t)/Cox.

III. SIMPLIFIED SOLUTION

Although very accurate, (7) is obviously unsatisfactory from an
engineering point of view. It has been reported that for short stress
times the initial degradation follows a logarithmic dependence of
stress time [3, 6, 10, 14]. Thus, in the most important region after the
onset of degradation t0 and prior to saturation, a good analytic ap-
proximation of (7) is obtained by a Taylor expansion on a logarithmic
time scale

ΔQox(t) = B(F, T ) log10(t/t0) (9)
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Fig. 4. Comparison of the analytic solution (dotted lines) with short-time experimental data recorded in the wide range VG = −0.6 . . .−2.0V (solid lines).
The only free parameters of the model are easily extracted from this dataset to be D = 7 and Fc = 2MV/cm. The values of the hole concentrations ps
and pr and the electric field F are obtained from a simple Poisson solver calibrated to an experimental CV curve but may be replaced by standard compact
modeling expressions.

with the prefactor B(F, T ) as

B(F, T ) = D (kBT )2
»

F 2

Fc
2 + 2 log

„
ps

pr

«–
(10)

and

D =
Em

B − Em
A + Em

T
′ − Em

T + σB + σA − σT − σT
′

σTσAσB
.

Em
A and σA are the mean and the half-width of the uniform dis-

tribution of the activation energy required for transition between 1
and 2, Em

B and σB describe the activation energy required for the
transition between 3 and 1, ET the trap precursor level, ET

′ the
switching trap level, σT and σT

′ the half width of the distributions
of the trap precursor level and the switching trap level respectively,
Fc the multiphonon-field-emission reference field, and ps and pr the
surface hole concentration during stress and pre-stress, respectively.
For low stress fields (operating conditions), the bias-dependence
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Fig. 5. Comparison of B(F, T ) obtained using (10) (solid lines) as a function
of gate bias against the values extracted from measured data [8] (symbols)
for four different temperatures.

of the prefactor B(F, T ) is given by the weak log(ps/pr) term,
while for the high-field stress the (F/Fc)

2 term begins to dominate.
The temperature dependence is given by T 2 and can be fit in our
experimental window by an Arrhenius law with activation energy of
about 100 mV which is the typically observed activation energy of
NBTI.

The onset of degradation t0 depends on F and T but is for
standard NBTI measurements much smaller than the measurement
resolution tM. Thus, in on-the-fly (OTF) measurements a dependence
of ΔQOTF

ox = B log10(t/tM) is observed. The ΔQOTF
ox is calculated

by subtracting ΔQox(tM ) from ΔQox(t).

IV. VALIDATION OF THE MODEL

In Fig. 4 the experimental bias-dependence of ΔV ox
th (t) at three

temperatures is compared to (9) where excellent agreement is ob-
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Fig. 6. Comparison of the simulated ΔVth(t) for different temperature
at a bias of -1.8V. Shown is the numerical solution (solid lines), the full
analytic solution (7) (dashed lines), and the simplified analytic expression (9)
(dashed-dotted lines). The arrows indicate the temperature-dependent onset of
degradation t0.
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tained in the full temperature and bias range using only two pa-
rameters D and Fc. However, no details on the distribution of the
defect properties can be extracted from OTF measurements alone
(e.g. ET, EB, σA, etc.) as they are all lumped into D. Fig. 5 shows
B(F, T ) obtained using (10) against experimental data as a function
of gate bias at different temperatures.

Fig. 6 shows a comparison of the full and simplified analytic
expressions against the numerical data. The degradation starts at t0
and the initial degradation follows a logarithmic time-dependence
and finally saturates. The full analytic solution matches well with
numerical simulation. The simplified model gives the degradation of
logarithmic time-dependence regime as shown in Fig. 6.

Another important result is the onset of degradation, approximately
given by t0. Fig. 6 and Fig. 7 demonstrate that at the usual NBTI
conditions t0 is outside the measurement range for this device. At
lower temperatures, however, t0 can be made visible [15].

V. CONCLUSIONS

In this paper, we presented an analytical model for the recoverable
component of NBTI. A simplified model which is valid in the
logarithmic time-dependent regime is also presented. This model
gives insight into the temperature and field dependence of threshold
voltage shift due to NBTI. The results from the model are validated
for different temperature and bias conditions. Finally, the dependence
of temperature and field on the onset of degradation t0 are also
investigated in this paper.

VI. APPENDIX

Additional auxiliary functions for the full analytic solution (7) are
given below:

BK = −(B1 − B0)
ˆ
(B1 + B0)

2 + 3(a1 − A0)

(B1 + B0) − Cf1

˜
/6,

Bi(t) = (Bi
f1 − Bi

f2)
ˆ
(Bi

f1 + Bi
f2)CB + Ci

f2

˜
/2,

Cf1 = Bf1B1 + 3C1 + 3CB

ˆ
2(a1 − a0) − CB

˜
,

BA
f1 = CB − a1 − af , BA

f2 = B0,

CA
f2 = a1(a1 − 2af ) − A0(A0 − 2af ) − a0

2 (1 − 2CB/a0),

BZ
f1 = af − a0, BZ

f2 = CB − a1 − af ,

CZ
f2 = (af − A0)(A0 − 2a1) + 2CB(a1 − af ) − CB

2)

BS
f1 = B1, BS

f2 = −af ,

CS
f2 = a1a

2
f (a1 − 2af )(1 − 2CB/a1),

af = log(20tks/9) + (Fs/Fc)
2,

CB = −(Fr/Fc)
2 + (Fs/Fc)

2 − log(ν/ks),

S1 = A0 − log ((20/9)ν), S2 = B0 − af − CB + a0,

S3 = B0 − af + a0, ks = psv
thσp

a0 = β(EV − Em
T + σT ) a1 = β(EV − Em

T − σT )

b0 = β(Em
T

′ − σT
′ − EV ) b1 = β(Em

T
′ + σT

′ − EV )

A0 = β(Em
A − σA) A1 = β(Em

A + σA)

B0 = β(Em
B − σB) B1 = β(Em

B + σB)

where Fs and Fr are the stress and pre-stress electric fields and other
parameters are like in [8].
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QUESTIONS AND ANSWERS

Q1: Can you explain high-k PBTI and NBTI in the same model?
A1: We have not directly tried this, but expect some similarities in the physical
processes between NBTI in SiON pMOS and PBTI on HK nMOS devices
due to the similar recovery trends observed in both technologies.
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