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Abstract—We study p-type metal-oxide-semiconductor ﬁeldeffect transistors (pMOSFETs) using the direct-current-currentvoltage (DCIV) method before and after bias temperature stress.
The stress is varied over a wide range of temperatures using
our polyheater technology. The ability of the SRH model and
a multistate non-radiative multiphonon (NMP) model to meaningfully reproduce the acquired DCIV data is compared. It is
demonstrated that the SRH model cannot capture the detailed
features of the data and a more detailed model is required.

center [6], recently suggested to describe NBTI [7], was not
considered. Furthermore it was pointed out by Reisinger et al.
[8] that the trapping kinetics of oxide traps are temperature
and strongly oxide ﬁeld dependent. In this work we show
using experimental DCIV data that structural relaxation cannot
be neglected in the correct assessment of the recombination
current when considering a wide range of bias temperature
stress conditions.

I. I NTRODUCTION

II. E XPERIMENTAL S ETUP

In recent years the interest in the Negative Bias Temperature
Instability (NBTI) and stress-induced interface and oxide defects in MOS devices has rapidly increased [1]. Considerable
effort has been invested to explain and understand the nature
of defects generated in MOS devices during NBTI stress.
First introduced by [2] and [3], the direct-current-currentvoltage (DCIV) method is used to directly monitor the defect
density by measuring the bulk current Ib , which is the result
of the carrier recombination in the oxide and at the siliconoxide interface (cf. Fig. 1). In order to extract any useable

For the measurement we used pMOSFETs with 30 nm thick
SiO2 as gate dielectric. All pMOSFETs have been integrated
with our polyheater technology [9] in order to be able to
locally heat the devices up to 500◦ C. In order to monitor the
stress induced degradation, DCIV experiments [2], [3] were
performed on fresh devices before and after stress using a
drain voltage Vd of 0.35 V to forward bias the pn junctions.
For each stress temperature a fresh device was stressed for
10 seconds (tstress = 10 s) while applying a gate voltage of
-20 V (Vstress = −20 V and Eox ≈ 6.7 MV/cm). Directly
after stress the devices were cooled down for tdelay = 200 s
to room temperature at a gate voltage of -20 V (cf. Fig. 2).
With the end of this cool down phase a DCIV curve for the
now stressed device was recorded.
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Fig. 1: During each DCIV experiment the device is swept from accumulation
to inversion by changing the gate voltage, while the pn junctions are forward
biased. This forward bias allows the injection of minority carriers into the
space charge region, where they may recombine with a trap, causing a
measurable bulk current.

defect densities from the measured bulk current a physically
correct model is needed. To our best knowledge, so far
all modeling attempts to describe DCIV experiments were
based on the standard SRH theory [4], [5] for defects at
the oxide-silicon interface or border traps. In these previous
attempts structural relaxation of the lattice around the defect
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III. M ODELS
The standard SRH model for interface traps and the recently introduced multistate NMP model for NBTI [11], [12]
were used to describe the measurement data in order to
compare their ability to reﬂect the NBTI stress dependent
DCIV data. For the extraction all recombination centers, i.e.
stress induced defects, were assumed to be at or near the
silicon-oxide interface. The bulk current measured during the
DCIV experiments is directly proportional to the number of
recombination events [2], thus one can assume steady state
conditions. Carrier recombination in the bulk, especially at
the pn junctions, would cause a constant bulk current during
the DCIV experiment. Since we did not observe a shift of
the measured DCIV curves along the ordinate within the
accuracy of the measurement equipment we can safely assume
negligible carrier recombination in the bulk. Additionally
geometrical effects were neglected, since large devices with
a 30 nm thick gate dielectric and a nominal gate length larger
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Fig. 2: Timeline of a single experiment. The upper part of the ﬁgure depicts
the device temperature over time. The curve in the middle depicts the gate
voltage over time. The bottom curve depicts the drain and source voltage
over time. For each stress temperature Tstress a fresh device was used.
Prior to stress an initial DCIV curve was recorded at room temperature.
Afterwards the device was heated by integrated polyheaters almost instantly
to the stress temperature Tstress , while a gate voltage Vg = Vstress of -20
V was applied (bias temperature stress). Under these conditions the device
was stressed for tstress = 10 s. With the end of the bias temperature stress
phase the polyheaters are switched off and the device was cooled down
for tdelay = 200 s to room temperature (RT), while the gate voltage was
maintained at -20 V (Vstress ). The gate voltage was kept at Vstress during
cool down in order to minimize relaxation [10]. At the end of the cool down
phase a DCIV experiment on the degraded device was performed at room
temperature (cf. right side of the lower part of the ﬁgure).

than 100 nm were used. For the SRH model we used
formula originally derived in [5], which reads
√
0.5 σp σn ni (exp (β (Efp − Efn )) − 1)
R=
∗ ),
exp (β (Efp − Efn ) /2) cosh (βUS∗ ) cosh (βUTI


√
US∗ = φs + ln σp σn − (Efp + Efn ) /2,

√
∗
UTI
= (ET − Ei ) ln σp σn ,

+
1’

DCIV

0V

the

(1)
(2)
(3)

where n and p are the electron and hole carrier concentrations,
ni is the intrinsic carrier concentration, Efn and Efp are the
quasi Fermi levels, Ei is the intrinsic energy, σp and σn are
the constant hole and electron capture cross sections, φs is the
surface potential, and β = 1/kB T .
In the following we make a few assumptions in order
to simplify the multistate NMP model (cf Fig. 3). Since
the DCIV method was used at room temperature to measure the post-stress recombination current, recovery of stressinduced defects during the DCIV measurement within the
short experimental time window were assumed to be small.
Additionally, we neglected state 1 in order to obtain a
simpliﬁed approximation to the full multistate NMP model. In
order to further simplify matters, we also assume that during
each DCIV experiment only a negligible amount of traps
anneal. These assumptions were experimentally justiﬁed by
comparing DCIV curves for various measurement durations,
i.e. different slopes of the gate voltage applied, whereas the
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Fig. 3: The multistate NMP model from [11]. Depicted is the ﬁnite state
diagram for a single oxide defect. State 1 is the stable and electrically neutral
precursor state. Upon hole capture (red arrow from state 1 to state 2 ) the
defect becomes positively charged and is meta-stable. A defect in state 2 can,
upon the capture of an electron, undergo a transition back to the neutral and
stable precursor state 1. The charge carrier exchange processes them self are
modelled using NMP theory [13], [14]. Alternatively, a defect in state 2 can
undergo the slow process of structural relaxation, becomes stable and stays
positively charged (state 2). In state 2 the defect can either go back into state
2 or can capture an electron thus becoming electrically neutral and return to
state 1 . In state 1 the defect is neutral and can either by structural relaxation
undergo a transition into the stable precursor state 1 or can capture a hole and
thus change into the stable positively charged state 2. As a ﬁrst approximation
we neglected state 1 and transitions from and to this state (gray shaded).

measurements yielded the same DCIV curves. With the stated
simpliﬁcations we derive a compact analytical version of the
carrier recombination rate for the multistate NMP model. By
deﬁning effective rates we reduce the three remaining defect
states (cf Fig. 3) to only two. The effective rates read [15],
k12 k2 2
k2 1 k22
and
k21 =
. (4)


k2 1 + k2 2
k 2 1 + k 2  2
Employing Boltzmann statistics and applying our assumptions
to the ﬁrst order differential equations from [11] we obtain the
following equation for the occupancy of a trap
k12 =

df
= k21 (1 − f ) − k12 f = 0,
(5)
dt
Using the deﬁnition of the recombination rate for holes Rp in
steady state
R = Rp = Rn = k12 f − k2 1 (1 − f ),

(6)

and inserting the solution of Equation (5), gives an analytical
formula in the framework of a multistate NMP model for
carrier recombination


n p
k22 k2 2 n2i − np σp σn vth
vth
(7)
R=−
N
p
n
N = exp (β12 ) k22 nσn vth + exp (β2 1 ) k2 2 pσp vth
n
+ exp (β(−Ei + 12 + ET − T2 )) k2 2 ni σn vth
p
+ exp (β(Ei + 2 1 − ET − T2 )) k22 ni σp vth
,

(8)

p
vth

n
where vth
and
are the electron and hole carrier velocities,
σn and σp are the constant electron and hole capture cross
sections. For all simulations the constant capture cross sections
σn and σp were ﬁxed to a value of 2.0 × 10−16 cm2 for the
SRH (1) and the multistate NMP model (7).
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1.2

IV. R ESULTS
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Fig. 4: For higher stress temperatures the peak in Ib is larger and the curve
is broader towards negative gate voltages (black arrow), whereas the slope for
gate voltages higher −0.5 V remains nearly constant. Also noteworthy is the
shoulder towards negative gate voltages for a stress temperature of 315◦ C.

data is shown in Fig. 5. It can be seen that the SRH model
can reproduce the DCIV curve only for certain stress temperatures (in this case Tstress ≈ 240◦ C), but not for a wide
range of stress temperatures. Especially for stress temperatures
above 315◦ C, when the DCIV bell-shaped curve develops
a shoulder towards negative gate voltages, the SRH model
cannot reproduce the experimental data as shown in Fig. 6.
Noteworthy is the fact, as seen in Fig. 6, that the post-stress
DCIV curve changes its shape for stress temperatures above
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Fig. 5: Fits of the standard SRH model to the post-stress DCIV curves
for various stress temperatures. Especially for higher stress temperatures,
such as 315◦ C, the standard SRH model cannot reproduce the shape of the
measurement data anymore.
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315 ◦ C. This explains why the SRH model, for which the
recombination current exhibits a cosh−1 shape (cf. Equation
(1)) for all temperatures [5], cannot reproduce the experimental
data anymore. In contrast to the SRH model the multistate
NMP model can give excellent ﬁts to the data for all stress
temperatures as shown in Fig. 7. This can be attributed to
the fact that the multistate NMP model additionally considers
structural relaxation (cf Fig. 3 and Fig. 10). To understand
2.5
315°C
290°C
245°C
180°C
120°C

2

1.5

1

0.5

0
-1.2

-1.1

-1

-0.9

-0.8

-0.7
Vg [V]

-0.6

-0.5

-0.4

-0.3

Fig. 7: In contrast to the ﬁt for the SRH model (cf Fig. 5), the NMP model can
explain the post-stress DCIV data for all stress temperatures used. Remarkable
is the ability of the NMP model to reproduce the DCIV curve for a stress
temperature of 315 ◦ C with high accuracy.
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Fig. 6: Same as in Fig. 5 but for higher stress temperatures. At very high stress
temperatures the post-stress DCIV curve develops a characteristic shoulder.
The SRH model cannot predict any of the three DCIV curves, since it cannot
reﬂect the characteristic shoulder.
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DCIV curves measured for various stress temperatures and
normalized to the peak value for Tstress ≈ 245◦ C are shown
in Fig. 4. The maximum value of the bulk current Ib increases
with higher stress temperatures as expected. Also noteworthy
is the broadening of the bell-shaped DCIV curve towards
negative gate voltages, whereas there is almost no broadening
towards positive gate voltages (cf Fig. 4 for Vg > −0.5 V).
This indicates that traps with higher activation energies are
becoming active trapping centers at higher stress temperatures.
A ﬁt of the SRH model [4] for the post-stress measurement

1.2
Data
SRH

why structural relaxation can explain the additional shoulder
above a stress temperature of 315 ◦ C in our data, we reformulated the carrier recombination terms in the multistate NMP
model (7) and for the SRH model (2) such that both formulas
have the same structure. The carrier recombination term for
both models has the following structure
 2

n p
ni − np σp σn vth
vth
,
(9)
R=− 

τn (n + n1 ) + τp (p + p1 )
where τn and τp are the carrier lifetimes for electrons and holes
and σn and σp are the capture cross sections for electrons and
holes, respectively. These terms are model-dependent. For the
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temperature stress (cf Fig. 8). Fig. 10 depicts how the shoulder,
which the DCIV curves exhibits for stress temperatures above
315 ◦ C, can be described using a multistate NMP model. If
structural relaxation is neglected (cf state 2 in Fig. 3) one
obtains a standard NMP model [13], [14]. For the standard
NMP model the energetic barriers (22 and 2 2 ) describing
the structural relaxation are zero. Thus the effective capture
cross sections of the standard NMP model reduce to
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Fig. 8: For high stress temperatures it is possible to reproduce the post-stress
DCIV data with good accuracy. Even the characteristic shoulder, best seen
for Tstress = 420 ◦ C, can be ﬁtted with excellent accuracy.
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exp (β12 )
σp = exp (β12 ) σp .
k22 k2 2
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(15)
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This reduction of the multistate NMP model results in the loss
of its strong temperature dependence [12] and in the loss of
two degrees of freedom for parameter extraction.
1
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Fig. 9: A schematic representation of the adiabatic potentials used to deﬁne
the transition rates (cf Fig. 3) for each defect. During relaxation of ΔVth (low
oxide ﬁeld) the barrier for a trapped hole is low and the defect is very likely to
emit this hole and undergo a transition from the charged state 2 to the neutral
state 1 (left side). During stress (right side) the defect potential (dashed line) is
raised due to the oxide ﬁeld. Thus a defect is more likely to capture a hole and
undergo a transition from the stable neutral state 1 to the charged meta-stable
state 2 than vice versa (bold black arrow). While the capture and emission
of charge carriers is strongly oxide ﬁeld dependent, the transitions between
state 2 and 2, describing the structural relaxation of the defect, depend on
the energetic barriers 22 , 2 2 and temperature. This strong temperature
dependence physically explains the temperature dependence of the effective
charge capture cross sections.

σn = σn = 2.0 × 10−16 cm2 ,

(10)

σp

(11)

Fig. 10: When the exchange of charge carriers with the substrate dominates
the recombination current exhibits a bell-shaped curve towards negative gate
voltages. Whereas when structural relaxation dominates the recombination
current exhibits a bell-shaped curve towards positive gate voltages. The
weighted sum of these two theoretical recombination currents gives a bell
shaped curve with an additional shoulder.

(12)

V. S UMMARY

SRH model the capture cross sections have ﬁxed values, where
= σp = 2.0 × 10

−16

2

cm .

In contrast, the multistate NMP model gives
σn =

exp (β2 1 )
exp (β2 1 )
σn
σn = 2
k22 k2 2
ν exp (−β22 2 2 )
and

σp =

exp (β12 )
exp (β12 )
σp .
σp = 2


k22 k2 2
ν exp (−β22 2 2 )

(13)

Furthermore, the carrier lifetimes differ strongly between the
SRH model and the multistate NMP model [11]. Thus it can be
stated that the effective capture cross sections of the multistate
NMP model are device temperature, oxide ﬁeld and parameter
dependent, while those of the SRH model are always constant.
By adjusting the energetic barriers (22 and 2 2 ) describing
the structural relaxation (cf Fig. 9 and Fig. 3) it is possible
to even perfectly ﬁt the DCIV curves measured after high

30

We have investigated the capability of the SRH and NMP
model to explain DCIV measurements for pMOS devices
after NBTI stress at various stress temperatures. The results
clearly show the importance of structural relaxation for a
proper description of recombination currents in a pMOS after
NBTI stress. We have successfully shown that a multistate
NMP model can explain DCIV measurement data for various
stress temperatures. No such agreement could be obtained
with the conventional SRH model. As such, the data obtained
from DCIV measurements is consistent with NBTI stress and
recovery data, which can also only be described using an NMP
model [11], [16].
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QUESTIONS AND ANSWERS
Q1: You mentioned that the traps are located close to the interface in
your simulations. Is this trap still an E' center (oxide trap) or could it
also be a Pb center? How would this affect the effective capture cross
section in the latter case?
A1: The trap in the multi-state NMP model is only characterized by
certain properties, such as energies of the equilibrium configurations,
the transition barriers, and trap depth. Each defect having these properties is a possible candidate in this model, which includes E' and Pb
centers. Given the current lack of experimental and theoretical details
regarding
these parameters, the defect type does not necessarily
affect the effective capture cross section.
Q2: Why did you anticipate that an E' center rather than the Pb center
is the dominating trap in your model?
A2: The model was set up using an E' center as an example, which
shows a number of interesting properties observed in detailed ESR
studies. Still, the model only uses the adiabatic defect potentials and is
therefore rather general. In particular, we do not imply that we assume
the E' center to be the dominating trap type.
Q3: Are the physics different at 400°C than at say room temperature?
A3: We are not aware of any changes in the defect properties for
temperatures from room temperature up to 400°C for the devices used
in this study.
Q4: Could NBTI be predicted accurately at 400°C?
A4: For the post-stress DCIV measurements used in our study this
seems to be the case.
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