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Abstract—Degradation and recovery of a multi-layer high-k
SiGe pMOSFET due to the negative bias temperature instability
(NBTI) is modeled on the basis of a refined non-radiative multi-
phonon (NMP) theory. As the SiGe-layer forms a quantum-well
inside the substrate, quantum mechanical effects like subbands
are incorporated into the model. In combination with a distri-
bution of defects featuring different energies, barrier heights,
and positions inside the oxide, a large range of accelerated
stress conditions can be very accurately described. The defects
accounting for the recoverable part of the NBTI degradation are
finally identified as switching traps.

Keywords: NBTI, switching traps, non-radiative multi-

phonon emission, high-k, quantum mechanical effects

I. INTRODUCTION

Over the last few years the number of scientific publi-

cations concerning the negative bias temperature instability

(NBTI) has grown enormously. The associated controversies

mostly covered the issue of the microscopic mechanism behind

NBTI. The once popular reaction-diffusion model [1], [2] was

eventually shown to be unable to describe the recovery after

NBTI. For this reason other models have been developed,

including charge trapping by either interface states and/or

oxide traps [3]–[8]. The latest promising attempt to model the

NBTI phenomenon is based on the non-radiative multi-phonon

(NMP) theory after [9], [10]. It assumes the conservation of the

total energy of the defect. The model has already been shown

to successfully reproduce measurement data of small area

devices containing only a few defects [11]. In this paper, large

area devices are characterized and the quantum mechanical

(QM) effects in these high-k SiGe MOSFETs are incorporated

into the model.

II. DEVICES AND MEASUREMENTS

In order to reduce NBTI, buried SiGe channel p-MOSFETs

with a thick SiGe quantum well of a high Ge-fraction (55%)

and a thin SiCap have been suggested [12], [13]. These

devices, schematically depicted in Fig. 1, were subjected

to NBTI-stress using various Vstr and temperatures via the

measure-stress-measure routine after [14]. For this, a static

ID(VG)-characteristic is taken first to obtain a reference of the

threshold voltage. Then VG is set to Vstr for some specified

time ts, which causes the degradation. After stress, VG is

switched back close to the threshold voltage and the relaxation

is monitored over time. Repeating this procedure with different

stress times yields relaxation curves as depicted in Fig. 5. The

degraded threshold voltage is monitored with a delay of 2ms.
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Fig. 1. Schematic view of the high-k gate-stack device including a thin
SiCap and a high-mobility SiGe-layer as quantum well in the channel region
to reduce NBTI [13]. The simulation is calibrated using C(V )-measurements
and transfer characteristics.

III. SIMULATION

By using C(V )- and the previously mentioned ID(VG)-
characteristics, the proper layer thicknesses and their corre-

sponding doping of the simulation were calibrated. To obtain

the wavefunctions of the subbands in the channel of the

MOSFET, the Schrödinger and Poisson equation were solved

self-consistently using the Vienna Schrödinger Poisson solver

(VSP2) [15]. The carrier concentration is calculated by treating

the quasi-bound states as a two-dimensional electron gas

with Fermi-Dirac distribution and the continuum states as 3D

electron gas. The three X valley sorts of the conduction band

as well as the heavy hole, light hole, and split off band are

taken into account.

IV. MODEL

The non-radiative multi-phonon model of a switching oxide

trap [11] is explained using a schematic configuration coordi-

nate (CC) diagram for a single defect. The neutral defect state

1 and the charged defect state 2 are depicted in Fig. 2. Their

corresponding metastable states 1′ and 2′ are separated by

a thermal barrier from 1 respectively 2. The charge transfer

reaction between state 1 and 2′ under the applied electric field

leads to a strong bias dependence of the barrier [11], [16]. The

transitions from 1 to 2 and backwards are indicated by arrows,

the corresponding reaction rates define the specific capture and

emission time constants. Within these times the single defect

is charged and discharged [11].

Because there is a large number of defects located in

the oxide, a distribution of defects has to be assumed, with

different relaxation energies, barrier heights, and positions
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Fig. 2. Schematic configuration coordinate (CC) diagram model for a
single defect. The different configurational potentials for each defect define
the non-radiative multi-phonon process (NMP). The varying bias conditions
(stress/relaxation) further change the relative position of the potentials and
determine the transition rates from 1 to 2 (over the metastable 1′ and 2′) and
back.

inside the oxide. As a reasonably discretization of the defect

characteristics is inefficient, the defect properties are consid-

ered using a statistical approach.

Furthermore at different bias conditions during stress and

relaxation for NBTI, only a part of all present defects is

ever able to contribute to the degradation. That part of

the contributing defects is marked within the defect band

(cf. Fig. 4) being filled with 1000 representative different

defects. These individual defects can now be charged and

discharged repeatedly prior to annealing within the performed

stress/relaxation cycles.

Instead of assuming all holes to be energetically located at

the valence band edge of the substrate, we here distinguish

the contributing subbands. For each subband the obtained

transition rates determine the occupation of the individual

defects at certain stress or relaxation times. These defect

occupancies have then to be summed up over all subbands in

order to finally determine the observable degradation. In the

left of Fig. 3 the first five subbands are displayed based on

their corresponding eigenenergies of which four are localized

in the SiGe-layer. In the right of Fig. 3 the first two subbands

are depicted for two stress and relaxation conditions. When

switching from relaxation to stress the maxima of the subband

wavefunctions move towards the interface, which raises the

concentration of holes. The penetration of the wavefunctions

is plotted on a log-scale to show the transmission probability.

It can be clearly seen that the contribution of the subbands

decreases with increasing order. As the bandbending inside

the oxide due to the charged defects can be neglected, the

WKB approximation is valid and used instead of the transition

probability of the wavefunction.
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Fig. 3. Left: The NMP-rates are based on the different subbands serving as
discrete provider of holes (shown for stress case). Only the first five subbands
are displayed based on their corresponding eigenenergies of which four are
localized in the SiGe-layer in the substrate. Right: When switching from
relaxation to stress the maxima of the subbands move towards the interface,
increasing the hole concentration. The inset shows the penetration of the wave
function on a log-scale. The kink of the wave function in the oxide is caused
by the layer structure.

V. RESULTS

To validate the model, experimental data with logarithmi-

cally increasing stress times for different temperatures and Vstr

are essential. These measurement data are fitted using a single

parameter set, which has to account for all measurements

shown in this paper:

(1) For a given temperature and voltage, as illustrated in

Fig. 5, it is possible to simulate a complex measurement-

sequence, consisting of logarithmically increasing stress times,

with very good agreement.

(2) The last relaxation sequence after more than 2000 s of
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Fig. 4. The oxide defects are distributed over energy and depth and are
marked filled when occupied. When switching from stress (Top) to relaxation
(Center and Bottom) the defects are shifted downwards. The two graphs
describe the last relaxation sequence for 125 ◦C and Vstr = 1.83 V. Top: At
the end of stress more than 9% of the possible defects are filled. Center: After
only 0.1 s of relaxation around 3 % of the defect are still filled. Bottom: After
about 400 s relaxation only 1 % are left. This corresponds to nearly complete
relaxation of the oxide traps. The permanent part left, see the bottom of
Fig. 6, is due to depassivated interface states (the permanent component of
the two-stage model [7]).
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Fig. 5. The relaxation sequences of an measurement-sequence with logarith-
mically increasing stress times are plotted versus the simulation results. The
same parameter set is applied for all simulations, yielding sound agreement.
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Fig. 6. The last relaxation sequence is depicted for different temperatures
(Top) and stress voltages (Bottom). It can be clearly seen that the measure-
ment is very well reproduced using our model.

stress is compared at different temperatures and for different

stress voltages (Fig. 6). Despite device to device-deviations, as

various MOSFETs have to be used for the measurements to

avoid pre-stress, it can be clearly seen that the measurements

are very well reproduced using the above described model.

(3) In Fig. 4 the percentage of the oxide defects occupancy

is depicted for the last relaxation sequence for 125 ◦C and

Vstr = 1.83V. At the beginning of the relaxation 9% of the

possible defects contribute, while after about 400 s relaxation

only 1% are left, which is equivalent to nearly complete

relaxation of the switching traps.

(4) The permanent part left can be explained by the two-
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Fig. 7. The last relaxation sequence as depicted in Fig. 6 for different tem-
peratures and stress voltages. When using 10000 instead of 1000 defects the
simulation results become smoother. Although the simulation was performed
with the same parameter set, the measurement is quite well reproduced using
our model.

stage model [7] which assumes depassivated interface states

contributing to NBTI (Fig. 6 bottom).

(5) The number of 1000 different defects exhibits a com-

promise between computational efforts and accuracy of the

simulation which fits the experiments. When taking more

defects the simulation results become smoother and do not

contain the small kinks visible in Fig. 6. The simulation versus

experimental results are depicted in the Fig. 7.

(6) The classical approach which assumes all holes to be

energetically located at the valence band edge of the substrate

shows small deviations from the QM-results, especially for

125 ◦C and Vstr = −1.83V (cf. Fig. 8). This is due to the

missing influence of the subbands which are localized in the

SiGe-layer.

VI. CONCLUSIONS

We have shown that NBTI degradation and recovery of a

multi-layer high-k pMOSFET structure can be modeled on

basis of a refined NMP theory which incorporates quantum

mechanical effects like subbands. By repeatedly charging and

discharging many distributed defects, the temporal occupation

of the defects is obtained. The resultant simulation is fitted

to measurement data covering a large range of accelerated

stress conditions and yields excellent agreement. Additionally,

the results of the classical approach are presented which lack

in describing heavier stress conditions due to the missing

influence of the bandbending inside the SiGe-layer.

VII. ACKNOWLEDGMENT

The imec core partners, the imec pilot line, and the imec

Logic/DRAM program members are acknowledged for pro-

viding devices and experimental data.

0.01 1 100 10000
Relaxation Time [s]

0

0.01

0.02

0.03

∆
V

T
H

 [
m

V
]

0

0.01

∆
V

T
H

 [
m

V
]

Simulation
Measurement

T = 125°C V
str

 =   -1.83 V

-1.705 V

  -1.58 V

-1.455 V

  -1.33 V

after 2000 s Stress

V
str

 = -1.655V T = 125°C

       100°C

         75°C

         25°C

Fig. 8. The last relaxation sequence as depicted in Fig. 6 for different
temperatures and stress voltages. The classical results assume all holes to be
energetically located at the valence band edge of the substrate. Except for
the heaviest stress conditions (125 ◦C and Vstr = −1.705 V,−1.83 V) the
classical approach can as well be applied and yields rather good conformity
to the experiment.
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