
D I S S E R T A T I O N

Advanced Characterization of the

Bias Temperature Instability

ausgeführt zum Zwecke der Erlangung des akademischen Grades
eines Doktors der technischen Wissenschaften

eingereicht an der Technischen Universität Wien
Fakultät für Elektrotechnik und Informationstechnik

von

Philipp Hehenberger

Matr. Nr. 0025027

geboren am 12. Oktober 1980 in Wien, Österreich
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Kurzfassung

Die steigende Nachfrage nach elektronischen Produkten erfordert eine ständige Optimierung der
Massenproduktion. Die Halbleiterindustrie als größter Zulieferer der Elektroniksparte erreicht dieses
Ziel, indem sie die mikroelektronischen Bauteile immer weiter verkleinert. Als Folge dieser Verklei-
nerung wird die Zuverlässigkeit von elektronischen Komponenten wie dem Metall-Oxid-Halbleiter
Feldeffekttransistor (MOSFET1) ein immer ernstzunehmenderes Thema. Die bias temperature in-
stability (BTI) stellt eine solche Herausforderung dar. Sie tritt auf, wenn das gate eines Transistors
unter erhöhter elektrischer Spannung steht. Die darauffolgende Veränderung von diversen Transis-
torparametern, wie zum Beispiel der Einsatzspannung, wird weiters durch eine erhöhte Temperatur
verstärkt. Eine elementare Herausforderung, die zum Verständnis von BTI beitragen soll, besteht
darin, dass sich die durch Stress degradierten Parameter nach Beendigung desselben wieder erholen.
Man nennt diesen Vorgang auch Relaxation.

In dieser Arbeit werden die Auswirkungen von sowohl negativen als auch positiven Gatespan-
nungen ausführlich mit unterschiedlichen Messtechniken erfasst. Neben den in der Halbleiterindus-
trie gebräuchlichen handelsüblichen Messinstrumenten werden mitunter auch komplett in Eigenregie
entwickelte und gebaute Messinstrumente verwendet. Leider gibt es kein perfektes Setup für die Cha-
rakterisierung von BTI und jedes einzelne Equipment hat spezifische Vor- und Nachteile. Basierend
auf bereits existierenden Modellen zur Beschreibung von BTI wird gezeigt, dass die Zeitverzögerung,
die bei der Messung erfolgt, einen großen Einfluss auf die Beschreibung der Degradation und so-
mit auf die vom Hersteller geschätzte Lebensdauer von Bauteilen hat. Auch aus diesem Grund wird
die Relaxation hier genau untersucht. Nachdem unterschiedliches Equipment zur Charakterisierung
von BTI verwendet wird und es bisher leider keine allgemein gültigen Spezifikationsrichtlinien gibt,
erschwert das den Vergleich von Messdaten. Weiters unterscheidet sich die Nachbehandlung der
Messdaten von Messroutinen, was mitunter eine sehr heikle Angelegenheit darstellt.

Der einfachste Weg, die Anfälligkeit eines Bauteils für BTI zu bestimmen, besteht darin, zuerst
eine Referenzmessung der betroffenen Messgröße vorzunehmen. Nach erfolgtem Stress wird dann
die Veränderung der Messgröße evaluiert. Dieser Vorgang wird Messen-Stressen-Messen (MSM) ge-
nannt. Durch wiederholtes abwechselndes Messen und Stressen können beliebig viele solcher Relaxa-
tionssequenzen aufgenommen werden. Die sehr kurze Zeitverzögerung der Messroutine, die Unemp-
findlichkeit gegenüber der Beweglichkeitsänderung in Kanal eines MOSFET’s und die Möglichkeit
eine ungestresste Referenz zu erhalten, spricht für diese Technik im Vergleich zu anderen, obwohl die
Stressphase bei MSM nicht aufgezeichnet werden kann. Um letzteres Handikap zu beseitigen, kann
MSM mit der on-the-fly Methode, die eine Aufzeichnung der Stresssequenz ermöglicht, kombiniert
werden.

1Kursive Wörter stellen englisches Vokabular dar, dessen Übersetzung nach Meinung des Authors keinen Sinn
macht.
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iv Kurzfassung

Ein weiteres Hauptaugenmerk der Arbeit liegt darin, die Bedeutung von Kurzzeit- und Langzeit-
verhalten der Relaxation zu untersuchen. Obwohl BTI schon seit Jahrzehnten bekannt ist, kam die
Erkenntnis, dass Relaxation über einen logarithmisch gesehen großen Zeitraum stattfindet, erst vor
wenigen Jahren. Das ist auch der Grund, warum lange angenommen wurde, dass NBTI ausrei-
chend genau durch Wasserstoffdiffusion in das Oxid erklärt werden kann. Durch die modellbedingte
Rückdiffusion kann die Relaxation allerdings nicht zufriedenstellend erklärt werden. Weiters ist es
unmöglich mit dieser Theorie das experimentell beobachtete Verhalten von BTI abhängig von Tem-
peratur, elektrischer Feldstärke im Oxid und Frequenz zu beschreiben.

Neuere Modellansätze bedienen sich schneller Locheinfangprozesse und der langsameren Gene-
ration von Grenzflächenzuständen, um BTI zu erklären. Eine Vielzahl an Versuchen war notwendig,
bis ein passender Mechanismus gefunden wurde, der in der Lage ist, das zeitlich sehr weite Relaxati-
onsverhalten zu erklären. Immerhin muss das Modell über 12 Dekaden – und auch darüber hinaus –
Gültigkeit besitzen. Ein passender Kandidat dafür ist die strahlungslose Multiphonon Theorie, mit
der bereits 1/f -Rauschmessungen modelliert wurden. Diese Theorie basiert auf der Annahme, dass
die Energie jedes Defektsystems durch ein adiabatisches Potential beschrieben werden kann. Durch
das Anlegen von Stress kann ein thermodynamisch stabiles Defektpotential (1) gegenüber einem
anderen höheren und deshalb unbesetzten Defektpotential (2) energetisch soweit angehoben wer-
den, dass der thermodynamische Grundzustand von (1) nun über dem von (2) liegt. Dies ermöglicht
einen Übergang von (1) zu (2), genannt Locheinfang. Während der Relaxation stellt sich wieder die
energetisch niedrigere Defektkonfiguration von (1) ein, was einen Übergang zurück zu (1), also Loch-
abgabe, ermöglicht. Mittels eines solchen Modells konnte man bereits den Stufenprozess während
der Relaxation von kleinflächigen MOSFETs als zeitlich diskret stattfindende Lochabgaben erklären.
Weiters kann voraussetzt werden, dass größere MOSFETs auch eine größere Anzahl an Defekten
aufweisen. Für diese Defekte kann man ferner unterschiedliche Eigenschaften, wie die energetische
oder lokale Position im Oxid annehmen. Damit ist es möglich, Messungen bei unterschiedlichen
Temperaturen, elektrischen Feldstärken im Oxid und auch Stresszeiten mittels der strahlungslosen
Multiphonon Theorie zu modellieren, was ihre Gültigkeit in Bezug auf BTI unterstreicht.



Abstract

To keep up with the growing demand for electronic products, a continous optimization of their
mass production is necessary. The semiconductor industry as the main supplier in this market
handles this optimization process via miniaturization of microelectronic devices, such as metal-oxide-
semiconductor field effect transistors (MOSFETs) which are investigated here. As a consequence
of the device shrinkage, reliabiliy issues like the bias temperature instability (BTI) have become
a serious topic. BTI happens when the gate is biased while the transistor is exposed to elevated
temperatures. This process severely changes some of the transistor parameters, e.g. the threshold
voltage. A fundamental challenge in understanding BTI is that the degradation is found to recover
when the bias is removed.

In this thesis the characterization of both negative and positive BTI is studied by using different
measurement techniques. In addition to commercial measurement tools also equipment conceived
and built by Hans Reisinger from Infineon Technologies AG is used. Unfortunately, there is no per-
fect measurement technique and each one exhibits certain limitations. Based on existing modeling
attempts it will be shown that the delay time of the measurement has a huge impact on the charac-
terization of the degradation and therewith on the projected time to failure. This is also the reason
why BTI recovery is investigated thoroughly here. Furthermore, BTI is generally not specified in a
consistent way because of the different characterization equipments used. A comparison of differ-
ent measurement routines will show that the postprocessing of measurement output data is a very
delicate task.

The most simple way to determine the BTI sensitivity of a device is to first take a reference
of the quantity that should be characterized, then stress the device for a well-defined time and
afterwards measure the change of the quantity. This is called the measurement-stress-measurement
(MSM) method. An extended version thereof alternately stresses the device and then monitors the
degradation during recovery with ever increasing stress times. The advantages of the MSM technique
compared to others are its very short measurement delay time, its insensitivity to mobility changes
and the possibility to obtain an unstressed reference prior to stress. In an extended MSM setup the
MSM technique is further combined with the on-the-fly method, which monitors the stress. This
allows the observation of both stress and recovery.

A main task of this work is to study both short- and long-term stress and recovery behavior.
Though BTI has been known for some decades, the finding that its recovery is spread over many
time scales is quite new. This is also the reason why it was thought for a long time that NBTI can
be sufficiently described via the diffusion of hydrogen generated at the interface. However, the well-
known reaction-diffusion theory is not able to explain the recovery by back diffusion of hydrogen.
Furthermore, the temperature, oxide electric field, and frequency dependencies during stress, which
are all observed in experiments, can not be modeled by this theory.
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vi Abstract

Newer modeling approaches are based on faster hole trapping processes and slower interface state
generation. It took many attempts to find a possible mechanism that is able to explain the wide time
range of the recovery which sometimes exceeds even 12 decades in time. Such wide distributions of
time constants have already been observed during the analysis of 1/f -noise spectra. Consequently,
the models previously used for the explanation of 1/f -noise where taken as a starting point. In its
extended form the defects are described by adiabatic potentials, which eventually determine the non-
radiative multi-phonon (NMP) transitions between the various defect states. Upon the application
of BTI stress the initial defect potential is shifted in energy and a transition into another defect
configuration is favored. During recovery the transition back into its initial configuration is favored
in turn. By such a mechanism it was already possible to explain the step-like recovery behavior of
small-area devices by hole emission of single defects.

Large-area devices can also be modeled by using the same NMP theory with the only difference
that more defects are necessary to describe BTI. These defects are assumed to exhibit different
energies and distances inside the oxide. The correct description of measurement data that includes
different temperatures, oxide electric fields, and stress times finally supports the validity of the NMP
model for BTI.
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Chapter 1

Introduction

1.1 Historical Background

In 1926 Julius Edgar Lilienfeld first described a device similar to what we now call a field effect
transistor in the US-patent named “Method and apparatus for controlling electric current” [1].
However, it took about thirty more years until the first transistor was actually built; ironically, it
was a bipolar junction transistor.

While the first integrated circuits only contained a few transistors, the demand for more complex
circuits, and therefore a higher number of transistors, increased steadily. To accomplish the growing
number, scaling became the most important topic. In 1974 Dennard et al. presented a paper where
they stipulated that scaling all device dimensions and voltages by a factor of s at the same time
requires to scale all doping concentrations by a factor of 1/s to maintain the same electric fields
inside the device [2].

In the beginning of the 1980s, the complementary metal-oxide-semiconductor (CMOS) tech-
nology was introduced to maintain the development of the already “very large-scaled integration”
(VLSI) of transistors. Besides decreasing device size, cleaner and larger fabrication plants for semi-
conductor manufacture (fabs) were required to increase the yield.

As the demand for faster central processing units (CPUs), larger memory cells, and other in-
tegrated circuits increased further, reliability issues concerning the product specifications became
more important. In order to reduce the rate of failure of devices further, the semiconductor industry
had to improve the involved production processes which often included the replacement of mate-
rials responsible for the malfunction of devices. Unfortunately the novel materials in turn caused
reliability challenges. One of these reliability phenomena was originally discovered in 1966, when
Miura et al. linked the generation of charge due to an electrochemical reaction to the presence of a
strong electric field at the Si–SiO2 interface [3], a phenomenon called bias temperature instability
(BTI). Despite this, BTI was nearly forgotten for some decades due to its only minor relevance for
the early semiconductor industry.

Already right from the start, it was discovered that when interfacing different materials with
different lattice parameters, like Si and SiO2, defects maybe generated at the interface [3, 4]. This
is due to the non-abrupt transition, which spans over one to two atomic layers and results in an
“interface region”, where a lot of dangling bonds act as traps for electrons and holes. By annealing
of the structure with hydrogen (H-passivation) the density of these dangling bonds at the interface
Dit can be reduced from 1012 cm−2eV−1 to around 1010 cm−2eV−1 [5], which is a huge improvement.
When placing a metal gate electrode on top of the SiO2-oxide, a metal-oxide-semiconductor (MOS)

1
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Figure 1.1: An oxide material placed between a gate contact out of metal (aluminum) or highly doped polysilicon
and a semiconductor substrate is called metal-oxide-semiconductor (MOS) structure. With ever smaller
MOS-structures’ as part of the metal-oxide-semiconductor field effect transistor (MOSFET) reliability
issues become more important. Note that the doping of the substrate is illustrated on a logarithmic
scale with emphasis on the lightly doped drain (LDD) regions between gate and the source, respectively
drain regions.

structure is formed, whose operation is explained in Appendix B. Such a MOS-structure is the
central part in the metal-oxide-semiconductor field effect transistor (MOSFET), which is exemplarily
shown in Fig. 1.1.

As already mentioned, newer materials entered the MOSFET-structure and especially the gate
oxide. With the introduction of nitrogen into the oxide the permittivity was increased and the
boron diffusion from the gate material into the bulk semiconductor was significantly reduced. At
the same time BTI increased in importance1.

1.2 BTI – Causes and Impacts

The focus of this thesis lies on the advanced characterization of the bias temperature instability and
the interpretation of performed stress and relaxation measurements. To be able to understand how
BTI affects the MOS-structure, the phenonmenon has to be specified first.

BTI happens when the gate of a heated MOSFET is heavily biased while keeping the other
contacts grounded [6, 7]. Under these conditions the threshold voltage VTH, the channel mobility
µchan, the transconductance gm or subthreshold slope, amongst other transistor parameters were
shown to degrade.

The most prominent form of BTI when dealing with modern CMOS technologies occurs when the
gate of a pMOSFET is biased negatively (in the strong inversion regime); this is called NBTI. When

1Whether the unexpectedly increased sensitivity to NBTI was due to the considerably increased concentration of
defects in the oxide and at the interface or not still remains unclear.
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the gate is biased positively, the phenomenon is called PBTI. Including the nMOSFET there are
four different permutations of BTI to be distinguished: NBTI/pMOS, PBTI/pMOS, NBTI/nMOS,
PBTI/nMOS. Besides the already mentioned case of NBTI/pMOS which exhibits the most dominant
effect within the BTI-family, also nMOSFETs show non-negligible PBTI behavior, especially when
using high-κ dielectrics. The remaining PBTI/pMOS and NBTI/nMOS combinations are less prone
to degrade due to BTI.

As a consequence of BTI, the overall change of the degrading parameters increases the probability
that the device fails to meet the specification requirements [8,9], which may yield a malfunctioning
device (though not necessarily destroyed yet). Therefore BTI is of industrial as well as scientific
interest.

Although silicon as bulk material is a very good heat dissipator to cool the active area inside the
MOSFET, the down-scaling mentioned in Chapter 1.1 leads to increasing operation temperatures
inside the devices. This increasing operation temperatures slowly move towards the typical NBTI
stress temperature ranging between room temperature and 200 ◦C. Due to the increased thermal
budget the use conditions for MOSFETs become more demanding.

Unfortunately, at some point during miniaturization the validity of the ideal scaling rule [2]
was limited by other factors [10]: Since the on/off current ratio of the MOSFET has to be large
enough to be able to distinguish between the signal, the threshold voltage must not be reduced too
much. Also, the gate oxide thickness is limited to at least a few atomic layers (≈ 1 nm). These
two limitations violate the condition that the oxide electric field Eox remains constant when scaling
further; the typically occuring Eox during the operation a MOSFET starts to increase and NBTI
becomes more important. Also, tunneling through the oxide and other quantum-mechanical effects
become relevant.

During BTI stress the oxide electric field Eox is nearly homogeneous along the channel and
thus the description of Eox can be reduced to the vertical oxide electric field Ever

ox ranging between
±4MV/cm up to ±8MV/cm and being perpendicular to the interface between oxide and substrate.

When adding a lateral field Elat
ox by also applying a voltage between source and drain, the carrier

velocity in the channel at the drain side increases rapidly. The resulting hot carrier injection (HCI)
is supposed to be related to the BTI phenomenon, at least to some extent, but even more complex
because of the two electric field components adding up. Hence, a profound knowledge of BTI is
required to also understand HCI.

1.3 Modeling BTI with Defects

According to the current understanding BTI is either due to the creation of interface states at the
Si-SiO2 interface, generally known as Pb-centers, and/or to the trapping of positive charge inside
the SiO2, possibly at so-called E′-centers. In order to link the observed degradation to these two
types of defects as possible underlying physical origin of the BTI phenomenon, the definition

ΔVTH = −ΔQot + ΔQit

Cox
(1.1)

with Qot as oxide charge, Qit = q0Nitf(VG) as the charge stored in the interface traps, and Nit as
the interface trap density and f as the occupancy function at the interface is used. Unfortunately,
these charges, whose sum is directly related to the change in VTH, cannot be measured directly.
Also, the relative contribution of Qot and Qit does not necessarily have to be constant over VG.
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Nevertheless, till now the defects causing Qot and Qit are assumed to be the most likely explanation
to why BTI happens.

So far, a large number of recent publications have tried to explain NBTI, and in recent years
also PBTI. Numerous methods have been devised to classify the contributing defects, their number,
spatial positions and energies, and time response. Also, the possible mechanisms of defect creation
were thoroughly studied, but up to now, no consensus has been achieved and the debate on the
underlying physics and its consequences continues.



Chapter 2

Measurement Methods

To be able to characterize the reliability phenonmenon of the negative and positive bias temperature
instability (NBTI/PBTI), the experimental access to the degrading and as well observable transistor
parameters has to be explained first. State-of-the-art measurements reveal that degradation starts
earlier than 1µs [11] and continues to proceed even beyond weeks [12]. As such, both the onset
and the saturation of degradation are outside the experimental window, which today spans about
12 decades in time. The minimum times in this window are due to the limited resolution of the
measurement equipment, while the maximum times are restricted by the time a reliability engineer
has to perform these kind of measurements1. Now, a fundamental prerequisite for the description
of NBTI lies in an accurate determination of its impacts on the device. But precise measurements
of the electric parameters as proper measures of the “real” degradation (e.g. interface state density)
are not trivial. This is on one hand due to the immediate relaxation of the degradation once the
stress is interrupted, i.e. VG is set to weak inversion or even accumulation. In 1977 Jeppson et
al. already described that traps created during negative bias temperature stress can be removed
by thermal annealing. The higher the temperature during the annealing process, the quicker the
degradation process recovers and the damage is annealed [13]. Nevertheless the NBTI community
appeared not interested in the fact that degradation may be reversible under certain conditions
for many years. Hence, there was no apparent need to quickly measure the degradation, which of
course had a serious impact on the initial modeling attempts. Rangan et al. was one of the first
to revive the discussion on the recovery of NBTI [14]. A few years later Reisinger et al. described
the influence of very fast to very slow components contributing to degradation and recovery due
to NBTI and contrasted their results to existing physical models in [15], which will be thoroughly
discussed in Chapter 3. Today the scientific community has accepted that fast measurements are
necessary, but unfortunately there is always a trade-off between a fast and simultaneously accurate
method.

This chapter will give a brief overview of the various measurement methods, their delay times,
their effect on the device itself, and their other limitations. Moreover, their output signal post-
processing complexity is discussed using approximate formulae.

1As product life cycles are getting ever shorter, accelerated stress tests help the semiconductor industry to determine
the data-sheet conditions and error margins of the product, and to finally predict the lifetime of the product.
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Figure 2.1: Left: Schematic picture of an ID(VG)-curve before and after stress. The resulting degradation is usually
given in terms of ΔVTH or ΔID. Right: Fast-VTH-method after Reisinger et al. [11]. When switched
to the measurement-mode ‘m’ the drain current of the device under test (DUT) is forced to a constant
(V0/R0) by the feedback loop of the operating amplifier. At the same time the threshold voltage VTH

is measured. When switched to the stress-mode ‘s’, source and drain are grounded and only the gate is
set to VG = Vstr. The switching between the two modes is done by fast electronic switches.

2.1 Measurement-Stress-Measurement

The probably most widespread measurement technique when investigating BTI issues is the so-called
Measurement-Stress-Measurement (MSM) method. In the most simple way the transistor is first
characterized through static ID(VG)-measurements to obtain a reference of the threshold voltage.
(Other ways to extract the onset of the threshold region are listed in [16].) Then VG is set to Vstr

for some specified time, referred to as the stress time tstr. After the end of stress the device is
once again characterized and the amount of degradation is estimated by the difference with respect
to the initial characteristic. The MSM-method can be performed by either monitoring ID and a
subsequent conversion into a VTH-shift or by directly monitoring VTH.

2.1.1 Monitoring ID at VTH

One way to assess the NBTI degradation has been suggested by Kaczer et al. [17,18], who switch VG

close to the threshold voltage VTH after stress and at the same time monitor the degraded and now
recovering drain current ID over time. By approximating the initial and the degraded ID(VG)-curve
with quadratic polynomials and assuming that the degradation does not change the form of the
initial polynomial approximation, one obtains

AV 2
TH,0 + BVTH,0 + C1 = ID,0, (2.1)

A(VTH,0 + ΔVTH)2 + B(VTH,0 + ΔVTH) + C2 = ID,0. (2.2)

Equating these two yields

AΔV 2
TH + (2AVTH,0 + B)ΔVTH + C2 − C1� �� �

−ΔID

= 0, (2.3)
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and solving the quadratic form of ΔVTH leads to

ΔVTH,12 =
−(2AVTH,0 + B) ± �

(2AVTH,0 + B)2 + 4AΔID

2A
. (2.4)

Using (2.1) and adding ID on both sides yields

−AV 2
TH,0 − BVTH,0 − C1 + ID = −ID,0 + ID� �� �

ΔID

. (2.5)

Inserting (2.5) into (2.4) finally gives a formula which only depends on VTH,0 and ID. The ΔVTH-shift
to the right, respectively the decreasing ΔID is displayed in Fig. 2.1 left.

ΔVTH =
−(2AVTH,0 + B) ±

�
B2 − 4AC1 + 4AID

2A
(2.6)

This measurement method is generally performed using standard off-the-shelf instruments. Due
to the fact that this equipment is not targeted for time-critical measurements, the shortest achievable
measurement delays tM only reach down to about 1ms.

2.1.2 Direct Monitoring of VTH

To improve the measurement resolution of 1ms, Reisinger et al. developed a fast VTH-method
[11], which is depicted in Fig. 2.1 (right). It distinguishes two modes of operation: During the
measurement-mode a constant and device-specific drain current V0/R0 serves as “threshold cur-
rent” ID(VTH)-criterium.2 This is achieved by a feedback loop using an operating amplifier. Simul-
taneously, the resulting corresponding threshold voltage VTH of the device is recorded. (The initial
reference VTH,0 has to be measured in advance.) When switching to the stress-mode all contacts
but the gate are grounded, the latter being set to VG = Vstr.

With the fast-VTH-method a measurement delay of tM = 1µs has been achieved, equivalent to
the settling time of the feedback loop. Compared to the studies of Rangan et al. [14], who only use
off-the-shelf equipment, this results in a three decades faster read-out speed.

2.1.3 Extended-Measurement-Stress-Measurement Setup

To save on time and devices when performing NBTI experiments the extended-MSM (eMSM) mea-
surement routine was established [18]. Choosing each stress sequence tstr,i+1 to be significantly
longer than the previous stress sequence tstr,i ensures that the amount of degradation lost during
the recovery within trel,i is nearly completely restored within tstr,i+1. Consequently, regardless if the
stress is interrupted or not, more or less the same amount of degradation is obtained after the total
stress time, i.e. ΔVTH(tstr) ≈ ΔVTH(

�
i tstr,i). This is schematically depicted in Fig. 2.2, where the

top dotted black line of the continuous degradation is always met by the individual sub-sequences
(red dotted lines) of the eMSM-sequence after sufficiently long stresses. When the stress sequences
are recorded via the on-the-fly method, which will be explained in Chapter 2.3, both stress and
recovery can be monitored with the eMSM routine.

2The necessary V0/R0-ratio has to be adapted to the device geometry after V0/R0 = 70 nA · W/L.
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Figure 2.2: Schematic view of the last three out of N = 9 stress/relaxation cycles building up an eMSM-sequence
like performed by [11,17]. The stress (dashed red) is interrupted N − 1 times to record N − 1 short and
one long final relaxation sequence on the relative time scales trel = t − tstr,i. After the measurement
delay tM marked by the dashed blue lines the monitorable relaxation (solid blue) sets in. A permanent
or slowly relaxing component P is indicated for the last two cycles and will be explained in Chapter 4.
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2.2 Transfer-Characteristics

When carrying out transfer-characteristics measurements, ID is measured as a function of VG. Due
to their slow response, semiconductor parameter analyzers do not capture the recovery of the device
prior to tM [15], which is schematically depicted by a dashed blue line in Fig. 2.2. Despite their
rather slow response (tM = 1ms . . . 1 s) parameter analyzers are often used because of their high
accuracy.

2.2.1 Fast Pulsed ID(VG)-characteristics

Kerber et al. [19] were the first to circumvent the problem of slow response times by developing
the fast pulsed ID(VG)-method shown in Fig. 2.3 (top). They adapted the MSM-technique and
used a digital storage oscilloscope (DSO) to quickly measure the voltages and currents of the device
under test (DUT) and a programmable pulse-pattern generator. The basic principle of the fast
pulsed ID(VG)-method is depicted in Fig. 2.3 for NBTI (middle) and PBTI (bottom) and works as
follows: During initialization, stress or relaxation, VG is set to the corresponding constant values
Vrel, Vstr or Vrel. The pulse generator triggers the fast ID(VG)-measurement by sending a gate-pulse
reaching from accumulation to inversion when in relaxation-mode, respectively from inversion to
accumulation when in stress-mode.

Since the DSO can only measure voltages, the actual drain current is calculated via the voltage
drop across R0 (Fig. 2.3 (top)), assuming VD small enough so that the transistor stays in the ohmic
region.

With standard equipment, pulse times between 100µs [19], 1µs [20–25], down to 100 ns [26] can
be achieved. The form of used pulses varies from trapezoidal [19,21,26], over rectangular with only
very small rise and fall times compared to the pulse width itself [21], up to triangular [20–22,24,25].
By varying the rise and fall times of the pulses the trapping and detrapping kinetics can be analyzed
[21]. To avoid spurious hystereses (parasitic capacitances) in the ID(VG)-characteristics between the
rising and falling edges of the pulses, the cable length has to be adjusted in order to ensure the
synchronized signal transmission to the DSO [20,25].

The major issue with this method is that the gain in speed is partly consumed by the fact
that the resolution of the DSO is too limited for real ‘single’-pulse-measurements [12]. After the
necessary averaging of a few (10 . . . 1000) pulses, the measurement time increases by the averaging
factor. Furthermore, the synchronization between the pulse-pattern generator and the DSO turns
out to be tricky.

2.2.2 Improved Method of Reisinger

State-of-the-art equipment does not meet the combined resolution and measurement speed require-
ments of NBTI assessment. Instruments either meet (and exceed) the required accuracy, but are
too slow to capture the fast NBTI degradation transients (e.g. parameter analyzers), or deliver the
necessary time resolution, but are limited by their inherent coarse amplitude resolution (e.g. digital
storage oscilloscopes, DSO). Since in the latter case the amplitude resolution can be enhanced by av-
eraging, while in the former there is no remedy for a too slow measurement, a DSO is used to record
multiple stress/relaxation-cycles and take the average of these. Care has to be taken to conform
to the preconditions of proper averaging, namely to record the same process many times. Only in
this way, the measurement noise is reduced, while the ‘hidden’ deterministic process is reproduced
without introducing systematic errors. In the measurements this is provided by very short stress
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Figure 2.3: Top: Kerber’s setup to simultaneously record ID and VG. Since the digital storage oscilloscope (DSO)
can not measure VD directly, ID is calculated via the voltage drop across R0 to finally obtain the ID(VG)-
characteristic. The corresponding triangular VG-pulses shown in Center and Bottom are supplied by
the pulse generator. Center: The fast-pulsed-ID(VG)-characteristics are performed via a superposition
of a constant gate level (stress or relaxation) with triangular gate pulses. Switching from the requested
NBTI stress of −3V into the measurement mode ranging from 0V to −1V should be carried out as
fast as possible in order to avoid undesired relaxation defects. Bottom: The same sequence for a PBTI
stress of 4V.
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Figure 2.4: Based on the method of Kerber et al. the improved fast pulse method by Reisinger et al. allows to
conduct ultra-short stress measurements. The setup was designed with a bridge circuit containing two
differential amplifiers to enhance the signal-to-noise ratio. Since neither commercial voltage sources nor
pulse generators were able to fulfill the required settling specification, batteries using a passive voltage
divider and fast electronic switches are used in the circuit.

times, and a very low duty cycle in order to achieve nearly 100% relaxation in-between stresses; the
characterization due to such a measurement yields a VTH-shift of less than 1mV.

The method developed in [12] and shown in Fig. 2.4 is related to the previous work of Kerber et
al. and Shen et al. [19, 27] and also used a pulse generator and a digital storage oscilloscope but is
able to perform even shorter stress measurements than the previously mentioned methods. Reisinger
et al. conceived a bridge circuit containing two differential amplifiers. To suppress the noise the ID

of the device under test (DUT) is compared to a reference current, giving only differences, which can
then be captured with higher resolution. To furthermore obtain the required resolution of better
than 10−4 in ID, the equipment was designed to deliver a settled gate stress voltage VG,str within
±1mV in 1µs. For this reason, a battery using a passive voltage divider and a fast electronic switch
are used.

2.3 On-The-Fly (OTF)

While the MSM-technique was conceived to capture the recovery following stress as fast as possible,
a completely different approach was first proposed by Denais et al. [28]. In contrast to the discussion
of the impact of fast recovery which cannot be determined prior to the measurement delay3, the

3Note that the present-day measurement window is reaching down to the µs-regime which seems to be not enough
to capture the full characteristics of the recovery after [29,30].
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Figure 2.5: Transfer characteristics plotted on a logarithmic- (left ordinate) and linear-scale (right ordinate). Left:
After stress the ID(VG)-characteristics is shifted to the right. The change in the subthreshold-slope
due to the increased interface state density affects the physically defined threshold voltage shift, which
depends on the gate voltage, i.e. ΔVTH(VG). On the other hand ΔVθ is an empirical quantity, as defined
in (2.7). Note that Vθ is larger than VTH(VG) in the subthreshold regime. Right: In contrast to the
ΔVTH-extraction in the subthreshold-regime, ΔVθ has to be determined under strong inversion. Lowering
the extrapolation range of VG decreases the possibility of already pre-stressing the device, but causes an
inaccuracy in the thereby determined ΔVθ.

“on-the-fly” method measures the drain current at stress level without ever interrupting the stress.
Due to the experimental setup of never allowing the device to reach the subthreshold regime during
stress, the degradation during stress can only be monitored via the degradation of the linear drain
current ID,lin [6, 12, 14, 28, 31–34]. Therefore, a method has to be found to convert this measured
quantity into a parameter relevant at use-condition, e.g. VTH.

As mentioned in [12], the main problem of the OTF method is that the VTH-shift has almost
the same effect on the transfer characteristic as the degradation of the mobility. A shift of VTH as
a consequence of electrically active defect charges results in a pure vertical shift along the VG-axis.
More precisely this is because defect charges have a direct impact on the surface potential and hence
on the threshold voltage (cf. equation (1.1)). On the other hand, defects located at the interface
cause surface scattering. The thereby increased channel resistance (lower mobility) yields a lower
drain current after stress and tilts the transfer characteristics. The resulting decrease in ID than
leads to a spurious increase of VTH, in addition to the already mentioned VTH-shift due to the total
defect charge itself. Unfortunately, these two effects cannot be separated easily in the linear regime,
as can be seen in Fig. 2.5 (left). Due to the saturation of the drain current ID a relative change in
ID becomes more and more insensitive to changes in VTH with increasing VG.

The degradation of ΔVTH as defined in (1.1) is just attributed to the defect charges and is
independent of the mobility. In contrast to that, ID,lin recorded via the OTF technique does depend
on µeff [34–36], just as it reflects the existence of additional charges (ΔQot and ΔQit). To extract
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ID,lin the simple SPICE compact model [37] valid in the linear regime under strong inversion only
is used:

ID,lin =
βVD(VG − Vθ − VD/2)

1 + θ(VG − Vθ − VD/2)
for VG > Vθ. (2.7)

While β depends on µeff , θ models the mobility saturation with increasing vertical field and Vθ,
the threshold voltage, is obtained by the intersection of ID,lin extrapolated to ID,lin = 0, which is
depicted in Fig. 2.5 (left). Due to the fact that the interface charge depends on the gate voltage
through the occupancy at the interface, as stated in (1.1), the threshold voltage is not a well defined
quantity, i.e. ΔVTH = ΔVTH(VG) [37, 38]. Equation (1.1) uses a physical definition of a threshold
voltage, while Vθ is a purely empirical quantity that yields the best fit to the level 1 model4. It can
be shown that it is important to provide a large VG-range to get a reliable extraction of Vθ.

The main issue with OTF is that as a matter of principle it is not possible to determine the initial
ID,lin at tstr = 0, because due to the nonzero measurement time the device is already stressed, and
so the first measurement yields ID,lin(tstr > 0). This pre-stressed value is then taken as a reference,
which has a considerable impact on the subsequent extraction of the degradation [39–41].

When the VG-range is reduced as depicted in Fig. 2.5 (right), at least for the pre-stressed transfer-
characteristic, a value close to the initial value, i.e. ID,lin(tstr ≈ 0) is obtained. On the other hand
this method induces a large error, which is of the same order of magnitude as ΔVθ itself. Therefore,
it is not feasible to describe the ID,lin-regime properly by reducing the VG-range.

Different OTF models are based on (2.7) and are discussed in Appendix A in detail. Here the
so-called OTF3 after Zhang et al. [34], displayed in Fig. 2.6, will be described. A change in ID,lin can
only be converted to ΔVθ if the transconductance gm, which is defined as the change of the ID over
VG, is known. To get gm, ID is recorded while slightly varying VG. This three-point measurement
method [28] is indicated in Fig. 2.6 as well and yields

gm(n) =
ID,lin(VG + ΔV ) − ID,lin(VG − ΔV )

2 ΔV
. (2.8)

By averaging gm, ΔVθ is finally obtained via the sum

ΔV OTF,3
θ ≈ −

N�
n=1

ID,lin(n) − ID,lin(n − 1)

1/2 (gm(n) + gm(n − 1))
. (2.9)

In order to prevent a degraded reference of ID,lin and gm, Zhang et al. suggested to perform the os-
cillation of VG with a rise and fall time of 6µs. Considering such a “degradation-free” reference thus
produces a higher amount of visible ΔV OTF,3

θ -degradation [42] due to the down-shifted initial value
of ID,lin and gm. Moreover, as ΔVTH increases with VG, the OTF-method measures a higher degra-
dation (ΔVθ(ID,lin)) compared to the typical use-condition of a device (|VG,use| < |VG,str|). OTF
hence overestimates the “real” degradation. In contrast the “real” degradation is underestimated,
when the evaluation of VTH is based on DC transfer characteristics. As a consequence, the deter-
mination of the lifetime is heavily influenced by either measurement routine. Datasheet conditions
on the other hand should better reflect the real degradation under real use-conditions of devices.

Compared to MSM, the biggest advantage of OTF is its recovery-free measurement routine while
it is difficult to measure recovery with it, because the OTF technique originally was conceived only
to record data in the stress phase of NBTI.

4The question whether ΔVTH or ΔVθ should be preferred will not be discussed. Usually circuit-designers use ΔVθ

while physicists prefer ΔVTH.
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Figure 2.6: Schematic of the OTF3 methodology. Left: The three points symbolize the quantities at VG and their
small perturbation ±ΔV . The drain voltage VD stays constant during the pulse. Right: The resulting
ID,lin whose two points ID(n − 1) and ID(n) are needed to determine the degradation of ID. The shift
of gm is calculated via (2.8) by using the modulated ID,lin(VG).

2.4 Charge Pumping

For the assessment of interface traps, which are situated at the interface between the oxide and
the substrate along the channel of a MOSFET, the charge pumping method (CP) is often the
measurement method of choice. The setup of CP after [43, 44] is described on basis of Fig. 2.7
(left). Source and drain of the transistor are shortened and biased at a certain reverse voltage with
respect to the substrate. To perform a CP measurement the gate is stepped between accumulation
and inversion by a pulse generator. Pulsing towards inversion deeply depletes the surface and
minority carriers (holes in the case of the depicted pMOS) are injected from the source and drain
regions into the channel where they can be captured by the interface states. When going back from
inversion towards accumulation, the mobile minority carriers drift back to source and drain due to
the reverse bias. The charges trapped at the interface are too slow to follow, but will recombine
with the majority carriers of the substrate (electrons). The resulting recombination current, the
charge pumping current Icp, is measured at the bulk. Icp is proportional to the number of interface
traps, i.e. CP directly measures the amount of interface states.

By additionally varying parameters like amplitude, frequency, rise and fall time of the pulses
and the temperature of the device under test, not only the number of interface traps, but also their
energetic and spatial distributions can be determined, which gives very useful information of NBTI
related degradation [45–49].

Unfortunately, the characterization by CP measurements following NBTI stress, especially the
characterization of the fast recovery behavior, is extremely challenging because the CP technique
inherently relies on a bias switch into accumulation. Consequently, it is unclear whether the often
observed weak recovery in CP data is a consequence of the fact that interface states do not recover
or whether this is an artifact of the measurement technique brought about by the strong bias switch.
Moreover, the necessary averaging of many pulses implies a rather large measurement delay, which
is also not favorable when trying to access early recovery.

2.5 On-the-Fly Fast Charge Pumping

In order to avoid possible recovery effects, the on-the-fly charge pumping technique, also called
on-the-fly fast interface trap (OFIT) technique was developed by Li et al. [24,25,51]. As illustrated
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Figure 2.7: Left: Setup of the charge pumping measurement technique to indirectly determine the amount of
interface states. A gate pulse sweep is applied ranging from accumulation to inversion. Thereby, the
minority carriers that got trapped by the interface states during inversion recombine with the majority
carriers during accumulation. This recombination current is then proportional to the interface state
amount. Right: Typical NBTI stress and relaxation measurement of the charge pumping current Icp

using the OFIT technique with a duty cycle of 50%. Each symbol in the upper graph consists of
some hundred averaged pulses as schematically displayed in the lower graph for some points. After the
reference measurement, where VG,low = Vrel is pulsed across Vacc and back periodically, VG,low is set to
the stress level Vstr, in order to continuously stress the device. In this way the CP measurement and
the application of stress are carried out consecutively with only interrupting the stress by the very short
gate pulse. During relaxation VG,low = Vrel. Constant slopes of the stress and relaxation pulses have to
be ensured [50].

in Fig. 2.7, the basic difference between OFIT and CP is that the low-level VG,low of the CP pulse is
simultaneously used as a stress condition (for NBTI), while the actual CP measurement is performed
by quickly switching back and forth between accumulation Vacc and stress Vstr. Consequently, as
will be discussed in Chapter 5, the low-levels are different during stress and recovery/reference
measurements, which is also depicted in Fig. 2.7. To decrease the recovery further, a low duty cycle
is chosen.

2.6 Capacitance Voltage Profiling

Since in a semiconductor the local carrier density depends on the position of the Fermi level, and
hence on the local electrostatic potential, even a simple parallel plate capacitor structure with one
plate replaced by a bulk semiconductor (MOS) exhibits strongly non-linear behavior [10, 52]. The
charge distribution of minority and majority carriers in such a MOS structure varies as a function
of the applied gate voltage. Depending on this charge distribution, different operating regimes
can be identified. When going from accumulation towards inversion, the depletion region inside the
semiconductor is formed first. Here, the majority carriers are driven away from the interface between
the oxide and the semiconductor. The only remaining charges within this depletion region are fixed
ionized acceptors (p-type) or donors (n-type), which build up a depletion charge. In combination
with the insulator this results in a decrease of the total capacitance.
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Figure 2.8: Left: The frequency dependence of the MOS-structure capacitance. While for low frequencies the
minority carriers in the inversion layer are fast enough to contribute to the signal, the increase in charge
can only be compensated by an increase of the depletion width (majority carriers) at higher frequencies.
Right: A C(V )-curve of a pMOSFET taken at 1MHz and normalized to the capacitance of an ideal
capacitor of the same size. To be able to distinguish between the different operating regimes more easily,
the graph is also shifted by the workfunction difference. The flatband capacitance Cfb is then obtained
at VG = 0V.

With the onset of inversion the minority carriers exceed the majority carriers at the interface and
create the inversion layer. At that point the depletion region with its ionized impurities virtually
stops to increase in width and any increase in gate charge is only balanced by an increase of the
inversion charge. Whether the minority carriers are able to follow the signal or not influences the
capacitance in this inversion regime, i.e. the contribution of the inversion layer charge to the total
capacitance depends on the frequency. Only at low frequencies the recombination-generation rates
of the minority carriers can keep up with small signal variations leading to a charge exchange with
the inversion layer. With this additional inversion charge the capacitance signal increases as the
depletion width remains constant [10]. At high frequencies on the other hand only the majority
carrier response is measured. Hence the incremental charge in deeper inversion is put at the edge
of the depletion region, while the inversion regime is not altered. This causes the capacitance to
remain constant when going from depletion into inversion. Both cases (low and high frequency) are
depicted in Fig. 2.8 (left).

When adding source and drain regions to form a MOSFET, minority carriers are provided
independently of the frequency. Therefore low-frequency C(V )-characteristics of MOSCAPs and
C(V )-characteristics of MOSFETs look alike. Exemplarily, a C(V )-characteristics of a pMOSFET
measured at 1MHz is depicted in Fig. 2.8 (right). For a better understanding the curve shown is
shifted by the flatband voltage5 and the different operation regimes of the MOSFET are marked.

Based on the above mentioned findings the C(V )-characteristic provides valuable information
of the semiconductor structure and its interface. For example, present interface states stretch the
C(V )-characteristic along the VG-axis, because additional charge is necessary to fill these traps.

5The flatband voltage results from the workfunction difference of the materials used.
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Oxide charges on the other hand are independent of the applied VG and cause a mere parallel shift
of the C(V )-characteristic towards higher or lower VG [10]. Furthermore, with the knowledge of the
capacitance as a function of VG, the oxide electric field can be calculated. This is necessary when
the degradation caused by NBTI is compared with that caused by PBTI for the same device type,
e.g. for a pMOS. Due to the nonzero flatband voltage it is not possible to apply just the opposite
VG to achieve the opposite electric field. Moreover, the different behavior of the capacitance during
accumulation and inversion yields an asymmetric C(V )-characteristic. This as well influences the
value of the proper (exact opposite) field. An application of C(V )-characteristics to obtain the
required stress voltage VG,str for a certain NBTI stress and its corresponding PBTI stress is given
in Chapter 7.
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Chapter 3

Previous Modeling Attempts

In the 1960’s, the investigations of the Si-SiO2 interface revealed a close-coupling of the increase
of surface traps sitting at the interface and a phenomenon which will be later on known as the
bias temperture instability. Both effects were known to cause a negative shift of the threshold
voltage [3, 4, 53]. Though this phenonmenon was already known not to cause real device failure
as for example time dependent dielectric breakdown (TDDB) [35, 54], the creeping shift of VTH

alerted the industry and the scientific community to develop a model which is capable of describing
the mechanisms behind BTI. In order to judge such a model as functional, clear definitions of its
applicability but also potential limits have to be listed. The following review summarizes the existing
modeling efforts, including their advantages and disadvantages.

3.1 Reaction Diffusion Model

As the fabrication of a semiconductor device today as back then consists of more and more single
layer depositions, often being followed by an annealing step, hydrogen as “the” passivation agent
was suggested to play a key role in the first modeling attempt dating back to 1977 [13]. In the
so-called reaction-diffusion model Jeppson et al. assumed the breaking of hydrogen-bonds at the
interface via a thermally and field-activated process under stress. This reaction-limited stress phase
is schematically depicted in Fig. 3.1 (taken from [55]) and can be described with the kinetic rate
equation at the interface after [31,56–58] as

∂Nit

∂t
= kf(N0 − Nit) − krNitX

1/a
it (3.1)

where N0 denotes the total amount of interface states, Nit the fraction of dangling bonds thereof
(not yet passivated), and Xit the interfacial hydrogen concentration. The rates kf and kr describe
the forward (depassivation) and reverse (passivation) process with a kinetic exponent a considering
the “size” of the diffusing species.

3.1.1 Stress Phase

As long as the bond-breaking dominates the rate equation, the reverse rate is negligible because
there is simply not enough free hydrogen. Thus the degradation within this initial stress phase is
only proportional to the stress time tstr.

19
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Figure 3.1: From Top to Bottom: Schematic view of the atomic hydrogen reaction-diffusion model during stress and
relaxation. During the short initial phase, the interface region enters equilibrium. When in equilibrium,
the degradation is dominated by the diffusion of hydrogen. As the stress is removed, the hydrogen
diffuses back to the interface.

Once the interface reaction reaches equilibrium, the previously released hydrogen species diffuse
towards the oxide. Under the assumption of a well passivated interface with only a few initial
dangling bonds Nit,0 and atomic hydrogen H0 as diffusion species the diffusion-limited stress regime

can be approximated by a power-law of the form t
1/4
str . The mathematics behind this diffusion-limited

process can be found in Appendix C.

However, not all measurement results are consistent with the predictions of the reaction-diffusion
theory using atomic hydrogen. Quite to the contrary, the extracted exponents were found to depend
on the measurement delay time; the exponents of 1/4 were obtained for measurement data with
large delay time only [7,59]. Shorter delay times on the other hand yielded exponents of around 1/6.
Chakravarthi et al. now interpreted this weaker time dependence by introducing instant dimerization
of the released atomic hydrogen at the interface via H0 + H0

⇋ H2 and subsequent diffusion of the
created H2 [60]. This theoretical assumption yields a smaller exponent of approximately 1/6 because
of the larger kinetic exponent (a = 2 for H2 instead of a = 1 for H0, cf. Appendix C). When per-
forming even faster measurements with delay times around a micro-second, e.g. OTF-measurements
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done by Reisinger et al., exponents of 0.12 were obtained [12] which does not correspond to the
stress behavior predicted by the reaction-diffusion theory.

3.1.2 Back Diffusion of Hydrogen during Recovery

The phase after switching off a device after a certain stress time or between switching on and off is
called recovery or relaxation. During this recovery phase the degraded parameters start to revert to
their initial values, but within times that depend on the prior stressing conditions. Now the question
arises how the interplay between BTI stress and recovery during the operation of a MOSFET does
affect the reliability of the device. This is important because only when charactising and modeling
both stress and recovery a realistic lifetime extrapolation of the device is possible.

Within the RD theory the recovery is explained via back diffusion of hydrogen. Once the stress
is removed, the quasi-equilibrium at the interface causes all interfacial hydrogen to immediately
passivate the dangling bonds. By the time all interfacial hydrogen is bound and no more hydrogen
is available at the interface, hydrogen located deeper in the oxide is assumed to diffuse back and
control the entire recovery as the limiting process. During recovery the back diffusion can be
approximated by the empirical expression

Nit ∼ 1

1 +

�
trel
tstr

. (3.2)

This equation is related to the universal recovery [61] which will be discussed in Chapter 4.1 more
thoroughly. Interestingly, the diffusion-limited recovery in (3.2) yields about 90% recovery within 4
decades of time, whereas experimental data still show recovery over at least 10 decades of time [61].
Moreover, since the RD recovery only depends on the ratio of relaxation to stress time, the model
as such is not capable of explaining any other experimentally observed recovery behavior, e.g.
dependence on temperature or stress voltage. The RD model is also not able to explain the dynamic
behavior1 of NBTI when applying alternating stress and relaxation sequences with a varying duty
factor (DF) or duty cycle (DC) [6, 20,30,62].

3.2 Extensions of the Reaction-Diffusion Model

The lack of a decent description of recovery based on the reaction-diffusion theory, cf. (3.2), soon
urged the development of modified and extended RD models [17,33,41,55,59,63–67]. In the following
variants thereof are summarized.

1. As modern oxide layers are only a few nanometers thick, the explanation based on diffusing
hydrogen inside the oxide was questioned. Therefore the diffusion process of H2 was suggested
to continue inside the polysilicon as well [63]. By assuming two different diffusion coefficients,
namely fast diffusion in the oxide and slow diffusion inside the polysilicon, the so-called two-
region RD model was expected to be able to explain the much larger observed recovery
range. Actually this range only increased at little [55].

2. The two-interface RD model [33], presented by Krishnan et al., focuses on the quick
diffusion of atomic hydrogen inside the oxide. Once having reached the polysilicon interface,

1The correct dynamic description is of utmost importance as it corresponds to real use conditions.
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a second chemical reaction takes place creating molecular hydrogen (H0 + Si–H ⇋ Si• + H2).
Like in the two-region model, the molecular hydrogen diffuses further into the polysilicon.
Since the diffusivity in the oxide is regarded to be very high compared to the diffusivity in the
polysilicon, the H0 stored in the oxide is indeed able to cause a fast initial recovery. For large
stress times, on the other hand, it is this higher oxide diffusivity that locks the hydrogen in
the polysilicon for a long time. This means that the short recovery effect vanishes.

3. In contrast to the two-region RD model, where instant dimerization at the interface is assumed,
the RD model with explicit dimerization is based on a continuous dimerization process
inside the oxide, what allows both hydrogen species to coexist while diffusing into the oxide [64].

Whereas the initial stress phase is thereby altered to t
1/3
str , the recovery characteristic remains

the same compared to the standard RD model.

4. Since the experimentally observed recovery revealed a log-like characteristics (cf. Section 4.1),
Islam et al. questioned the interface states to be fast enough to follow the gate voltage VG

switches. They suggested an RD model assuming slow interface states. Unfortunately,
such a model is in stark contradiction to the Shockley-Read-Hall theory (SRH) used to describe
the trapping dynamics at the interface with transients due to electron capture being within
the nano-second regime. Under the assumption of exessively small capture cross sections some
sort of fast relaxation in the microsecond-regime within one or two decades in time is indeed
obtained. However, this form of recovery is not observed in any experimental data [55].

5. Extended reaction-dispersive-diffusion (RDD) models using a broad distribution of
energy levels were discussed in [17,55,59,65,66]. They describe the hydrogen transport occuring
via the highest energetic states only (transport level). Hydrogen being located in a deeper
energy level needs to be thermally activated prior to be able to diffuse further into or out of
the oxide, i.e. without any activation this hydrogen is trapped. Further, in these models only
hydrogen sitting at the interface is allowed to re-passivate which slows down the reverse rate
as most of the hydrogen is trapped.

In contrast, a simplified version of the RDD model does not differentiate between trapped
and untrapped hydrogen, i.e. all hydrogen is allowed to interact with the interface [67]. This
implies a faster initial recovery, compared to the non-simplified RDD model, cf. simulations
performed in [55].

Although with increasing dispersion of the bond breaking at the interface the recovery can be
slowed down, none of the RDD variants is finally able to describe the actual experiment.

The following conclusion can be drawn for RD theory in general. While during recovery solely
passivation occurs, the stress is modeled using depassivation and passivation simultaneously [31]. At
present, no extension of the RD-model is able to describe recovery after stress in a reasonable form.
Whether such a model is then able to describe the much more complex stress-relaxation patterns
during the operation of a MOSFET is very questionable. The premises are simply not correct. This
leads to the conclusion that hydrogen diffusion is very unlikely to be a main player when dealing with
NBTI degradation. For this reason completely new approaches are inevitable [6,11,18,40,61,68,69].

3.2.1 Dispersive-Reaction-Rate Models

Due to the amorphous structure of the interface, the binding energy of the Si–H-bonds at the
interface is not constant but varies from site to site. Electron-spin-resonance (ESR) studies revealed
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the binding energies as distributed Gaussian with a variance of 0.02−0.08 eV [70], i.e. weaker bonds
break first, while stronger bonds remain passivated. Longer stress times or a larger applied electric
field are required to break those stronger bonds [71].

Charge pumping (CP) as the measurement of choice for the assessment of the amount of interface
states (cf. Chapter 2.4) revealed some interesting facts. The observed amount of recovering interface
states accessed via CP after NBTI stress was too small to be able to explain the overall recovery of
ΔVTH. Therefore a part of the community [62, 72–74] considered the generated interface states as
permanent once created. This assumption will be discussed in Chapter 8.

Quite in contrast, Mahapatra et al. stated that CP measurements in the range of seconds are
too slow to detect the recovery of interface states because of inherent delay of the measurement
setup. Another possibility to explain the missing recovery involves the CP technique itself, as it
pulses into accumulation which in turn causes unwanted additional relaxation [75].

In order to clarify the issue of how interface states contribute to recovery, Li et al. developed
the on-the-fly fast interface trap CP method (OFIT) [25, 51], described in Chapter 2.5. Based on
the results of this OFIT method [24, 51, 76], which showed recovery faster than a second, but also
revealed long-term recovery, Grasser et al. derived a BTI-model based on interface states only in [77].
Therein they describe two distinct components of the recovery as two facets of a single degradation
mechanism proceeding as a series of steps. By assuming dissociation of Si–H bonds (dispersive bond
breaking) the so-called double-well (and subsequently refined triple-well) model is able to describe
quite complex stress-relaxation-patterns. Though the mathematics in this model describe the NBTI
phenomenon correctly, its microscopic assumptions are likely unjustified [78], an issue that will be
examined in detail in Chapter 5.
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Chapter 4

Two Components Contributing to
Bias Temperature Instability

As of today, no model can successfully explain all peculiarities of the BTI phenomenon. While
many groups have already rejected the approach using diffusing hydrogen five years ago [6, 11,
30], Mahapatra et al. still keep the RD theory alive for “predicting NBTI stress and recovery”
in [79]. However, a model explaining BTI requires the understanding of its contributing mechanisms
which are not necessarily straightforward. According to the RD theory the time dependence of
the threshold voltage during BTI can by modeled by using forward and backward rates. During
stress these forward and backward processes were assumed to take place simultaneously, implying
a superposition of both processes. During recovery on the other hand the forward process was
supposed to vanish. Due to this circumstance the recovery was considered to be the key issue which
has to be studied first before dealing with the more complicated stress phase. Therefore precise
and commonly practiced stressing1 and relaxation routines are more than helpful. Note that the
measurement techniques presented in Chapter 2 do not interpret BTI degradation and relaxation
the same way. In fact, the obtained measure of the degradation/relaxation is often monitored using
different equipment with varying delay times. Furthermore, different types of quantities are obtained
from the different measurement techniques, be it the linear drain current ID,lin [28] using on-the-fly
characterization, the ΔVTH-shift at a certain drain current [11] using the measure-stress-measure
approach (MSM), or an ID(VG)-measurement to extract VTH using a digital storage oscilloscope
(DSO) [20]. Hence, a detailed consideration of the proper measurement setup and procedure is
of utmost importance to be able to accurately determine the real degradation, at least as far as
possible.

Concerning the mechanisms causing this degradation, the scientific opinion is divided whether
hole trapping is insignificant and only the interface traps degrade and recover [31], or whether
trapped oxide charges on top of the creation of interface defects are relevant [6, 40, 49, 66, 81]. In
2006 Huard et al. first stated the existence of a recoverable component R on top of a permanent
component P [6]. To be able to understand which kind of microscopic mechanism or defect forms
which component, another very important attribute of the BTI recovery has to be explained first.

1Not only repeatability but also a certain standard procedure to be able to compare measurement results for
modeling perspectives is feasible. Such arrangements are discussed in the JEDEC meetings that fix the global standards
for the microelectronics industry on a regular basis [80].
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Figure 4.1: Left: Demonstration of how universal relaxation works for OTF data of Denais et al. [28]. Starting
with the data normalized to the first relaxation value, the second step is to refer the relaxation curves
to the last stress values. By then dividing their relaxation time by their corresponding stress time yields
perfect universality for all three stress times. Right: When fitting the MSM data of [11] by (4.3), many
relaxation traces are required to solve for B and β since the first recovery point R(trel = 0) is unknown
due to the measurement delay. The linear behavior is depicted by 1/r(ξ) − 1 on a log/log plot (Top

Right). Note the slight deviation for larger ξ, which is due to an existing permanent component and in
fact makes the correction of the universal curve (4.2) unavoidable.

4.1 Universality of BTI recovery

It has been shown that the reaction-diffusion theory is not able to predict the different observed re-
covery characteristics following from different stress conditions. Therefore scaling and normalization
routines are empirically used to characterize the recovery traces [14,33,61,82].

In Fig. 4.1 (left) the normalization routine is depicted step by step. First, the relative recovery2

after different tstr,i is normalized to the last corresponding stress value. Furthermore, all relaxation
times are divided by the last stress times, yielding ξ = trel/tstr. The normalized data now lie on top
of each other and feature the same “universal” behavior. Based on [61], this universal behavior can
be described by the universal relaxation function r(ξ) which reads

r(ξ) =
R(tstr, trel)

S(tstr) − P (tstr)
=

R(tstr, trel)

R(tstr, 0)
. (4.1)

Here R(tstr, trel) denotes the relaxation depending on the total stress time tstr and the relaxation
time trel, S(tstr) the total degradation observed right at tstr, P (tstr) the permanent component,
which only depends on the total stress time, and R(tstr, 0) stands for the total amount the device
is going to recover from trel = 0. As such the term universality in NBTI was not a new finding in
2007, but was already reported by Denais et al., who claimed that the relative recovery follows the
same pattern when plotted over the stress time ξ = trel/tstr [61, 82].

2The relative recovery denotes the absolute recovery normalized to its initial value.
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Unfortunately yet no generally accepted and valid theory exists for BTI, which means that the ex-
act form of r(ξ) remains speculative. Empirically derived expressions have therefore been presented
so far: Kakalios et al. for example used a stretched-exponential of the form r(ξ) = exp(−Bξβ)
to describe “relaxation in disordered systems” [83]. Other empirical “log-like” expressions are
r(ξ) = 1 − β log(1 + Bξ) [82] or r(ξ) = β log(1 + B/ξ) [84]. Also a generalized power-law-like
expression after [61]

r(ξ) = 1/(1 + Bξβ), (4.2)

amongst many others [17,85–87], can be used. Whereas equation (4.2) can be used to fit the OTF-
data from [82], the first recovery point R(trel = 0) of the MSM-data, depicted in Fig. 4.1 (right), is
unknown due to the instant recovery. The first MSM point is obtained with a delay time tM and
according to [11, 61] even a tM = 1µs is still too slow. Thus back-extrapolation to reconstruct the
“true” initial degradation has been suggested. With ξM = tM/tstr we get

r(ξ)

r(ξM)
=

1 + Bξβ
M

1 + Bξβ
. (4.3)

Provided that there is a set of relaxation data with different stress times, B and β can be determined,
as shown in Fig. 4.1 (right) taken from [11, 61]3. The slight deviation for ξ > 102 is due to the
existence of a non-negligible permanent component P (tstr), which is additionally present here and
consequently has to be considered too.

4.2 Assumption of a Permanent Component

Grasser et al. refined the approach of [6, 88] to obtain universality irrespective of the amount of
P (tstr). In [61] they presented a correction scheme for (4.3), which is based on the determination of
the accumulated degradation due to stress after the delay time tM as

SM(tstr, tM) = RM(tstr, tM) + P (tstr). (4.4)

Here, SM splits up into RM, the recoverable amount of degradation monitored at tM, and a per-
manent components P which is regarded as independent of tM. In [29], P (tstr) was supposed to
follow a power-law of the form Atnstr. In order to characterize the temperature and bias dependence
of the components of (4.4), plasma-nitrided-oxide (PNO) devices with an effective oxide thickness
(EOT) of 1.4 nm and 2.2 nm were characterized. Therefore the OTF-method [17] and the fast-VTH-
method developed by [11] were used. The latter method is embedded into an eMSM-sequence which
is carried out with N stress/relaxation-subsequences, already described in Chapter 2.1. A typical
eMSM-measurement is shown in Fig. 4.2 (left).

For the extraction of R and P , the yet unknown permanent contributions of the single relaxation
phases Pi have to be determined simultaneously. The remaining non-permanent parts of the relaxa-
tion sequences are then fit to the universal relaxation law (4.2). Altogether this yields a relaxation
model with N + 2 parameters

SM(tstr,i, trel) = R(tstr,i, tM)
r(trel/tstr,i)

r(tM/tstr,i)
+ Pi

= R(tstr,i, tM)
1 + B(tM/tstr,i)

β

1 + B(trel/tstr,i)β
+ Pi. (4.5)

3Further details of the application of the universal relaxation law towards modeling and the influence of the
measurement delay are discussed in [61].
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Figure 4.2: Top Left: The measurement data (symbols) of an MSM-sequence with very short delay of 1 µs is
matched on the relaxation model (4.5) with N + 2 parameters. It yields perfect universality over more
than 10 decades in time (lines). Bottom Left: After subtracting the single Pi of each relaxation
sequence (marked above), all data can be fit to a single line. The universality of the relaxing component
R is clearly visible. Bottom Right: Without considering Pi, data at large stress times does not
conform to the universality. Right: The original measured data SM(tstr, tM ≈ 1 µs) and the extracted
recoverable and permanent components R and P . By back-extrapolating SM(tstr, trel = tM) the “real”
total degradation S(tstr, trel = 0) is obtained, consisting of R + P (compare to the true degradation
depicted left). The relaxation data in-between the stress sequences is indicated by dash-dotted lines on
a relative time scale tstr,i + trel. The recoverable component R can be well fit by either a power-law or
n log(1 + Atstr) (used in the following) while P closely follows Pmax/(1 + (tstr/τ )−α) after [6].

Therein, B and β are fit parameters for the universal recoverable component R, and the Pi with
i = 1 . . . N denote the N relaxation sequences which have to be optimized. The results of the
optimization loop are then illustrated in Fig. 4.2 (right), clearly showing the existence of a permanent
(or slowly relaxing) component [30], when the recovery levels off. In contrast to R, which can
be fitted by a power-law or n log(1 + Atstr), P behaves like a power-law for shorter stress times
only. It clearly shows signs of saturation at longer stress times, which is fundamental for lifetime
extrapolation. Without considering such a permanent component, universality is not given, like
shown in Fig. 4.2 (bottom left).

Moreover, it is of utmost importance to study wide relaxation periods, as the data gained
that way yields a much more reliable basis for modeling, compared to other measurements done
on commercial equipment: While Alam et al. covered about 3 decades in time [49, 85], the widest
recovery behavior observed with commercial equipment so far accounted for 5 decades time [6,40,66].
Using their dedicated equipment Reisinger et al. [11] were able to measure BTI relaxation periods
of 10 to 12 decades in time with the shortest available delay time of 1µs, cf. Fig. 4.2 (left).

Applying the universality on various pMOS/nMOS-NBTI/PBTI-combinations yields different
quantitative, but all in all consistent results. Surprisingly, this also applies to the negative shift of
the threshold voltage they all have in common, for details refer to Fig. 4.3.
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Figure 4.3: The universal relaxation during PBTI/NBTI stress depicted for pMOS and nMOS transistors (symbols:
data, lines: model). The samples have a much smaller EOT of 1.4 nm compared to the devices of Fig. 4.2
with 2.2 nm, a considerably larger R but a comparable P component. Left: pMOS: The recoverable
component during PBTI stress is qualitatively the same but shifted by a factor of 3 to smaller values,
while the permanent component is quite similar compared to NBTI. Right: Comparison of pMOS/NBTI
and nMOS/PBTI stress. The recoverable component of the nMOS is very small (6mV). Hence, the
degradation is dominated by P from an early stage when comparing it to pMOS.

4.2.1 Temperature and Voltage Dependence of Universal Law

Up to now it was only shown that the universality holds for various pMOS/nMOS-NBTI/PBTI-
combinations. As temperature and voltage acceleration play an important role for lifetime projec-
tion, the study of the universal relaxation is now extended towards these stress conditions. How
the two components R and P behave is therefore analyzed under different stress temperatures T
and stress voltages VS, cf. Fig. 4.4 (left). In this graph only the last long relaxation tail of the
MSM-sequence is depicted. The different stress conditions described by the relaxation model (4.5)
yield excellent agreement with the measurement results. The activation energies EA are extracted
for B and β, and the components of R and P . They are depicted in Fig. 4.4 (right). While R
and B show an Arrhenius-like behavior with EA ≈ 0.08 eV respectively 0.04 eV for different stress
times, β is constant. P on the other hand depends on the stress time, which rules out Arrhenius-like
behavior [6, 30].

4.2.2 Measurement Delay

Based on the extracted model parameters of (4.5), a correlation between the observed degradation
and the measurement delay can be obtained. The actually observable data marked with SM in
Fig. 4.5 (left) is bound between S = R+P (the extrapolated ‘true’ degradation) and P . The larger
the delay time, the closer SM and P get and vice versa.

When fitting the single stress sequences with varying tM by a power-law, different values of the
slope are obtained which may be a reason why the power-law exponents reported in NBTI literature
vary that strongly. In Fig. 4.5 (right) the power-law slopes, defined as d log(SM)/d log(tstr), are
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Figure 4.6: Comparison of measured MSM and OTF1 data (open symbols). Left: Using the universal relaxation
law the different stress sequences can be reconstructed to the very first relaxation moment, i.e. the
full NBTI degradation is obtained (closed symbols and lines). The degradation observed using OTF1
measurements for the same devices does not correspond to the MSM relaxation data. Right: The OTF1
data, the recoverable component R on top of a permanent/slowly relaxing component P , their sum S,
and the pure MSM data evaluated with a delay of tM = 1ms are extracted from the left figure as a
function of the stress time. The overall degradation of S = R + P does only qualitatively agree with the
OTF1 data points.

shown. As can be seen the extrapolation with a power-law does not seem to be the best choice to
represent the time behavior of NBTI due to the interplay between R and P . Since the power-law
extrapolation is furthermore only approximately valid over a few decades in time, lifetime prediction
based on this approximate concept should be done with great care.

4.3 ΔVTH versus ΔVθ

Based on the determination of S, SM, R, and P , the change of VTH obtained from the measurement-
stress-measurement (MSM) routine will now be compared to the change of ΔVθ obtained from the
on-the-fly (OTF) method. The results provide valuable information on the applicability of these two
measurement routines and furthermore give new insights into the yet not too well known dynamics
of the contributing defect states.

By using the universality (cf. Section 4.1) [30,61], the full degradation of an MSM-stressed device
is reconstructed in Fig. 4.6. Unfortunately, the extrapolated initial values right after stress do not
match the degradation gained by the OTF1-method. To explain the differences, the numerical
device simulator MINIMOS-NT [89] is used. Applying the drift-diffusion transport model after
[90], Boltzmann statistics for the carrier concentrations [10], Shockley–Read–Hall (SRH) interface
state dynamics after [91], and mobility variation due to interface state Coulomb scattering [92],
a well defined number of defects (Nit and Not) is placed at the interface of a pMOS as used in
[17]. The simulated ID is then post-processed the same way, as already done by the MSM-setup
and finally converted to ΔVTH. By using definition (1.1) of ΔVTH = −(ΔQot + ΔQit)/Cox, a
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Figure 4.7: The simulations of the MSM-sequence and OTF-methods based on the measurement sequence depicted
in Fig. 4.6 yield sound agreement. The degradation is considered to be due to oxide charges (recoverable
part) and interface states (permanent part). Left: The extracted ΔVTH once including (solid) and
once not including (dashed) mobility variation confirms that the extraction only slightly depends on
the mobility. The maximum error of 4mV is observed for tstr = 6000 s. The dotted lines are taken
from Fig. 4.6. Right: The simulation results as a function of the stress time (lines) with the calculated
S = R + P and P components (closed symbols) fit the measurement data (open symbols). Solid lines
are with 10 % mobility degradation while dashed lines are without. The faster the MSM-sequences are
recorded, i.e. the smaller tM, the more SM approaches S.

parametric relationship between ΔVTH and the resulting charge caused by defects is obtained [39].
The occupancy of the interface states f(VG) determines the detectable charges following the relation
Qit = q0Nitf(VG), where f(VG) results in a change of the subthreshold-slope. This finally affects
the calculated ΔVTH, as already indicated in Fig. 2.5.

Simulating the MSM-sequence, shown in Fig. 4.7, yields excellent agreement when mobility
changes during stress are neglected. However, many publications have emphasized that mobility
variations impact the accuracy of the OTF-method [35, 41]. Simulations performed in [39] showed
that an estimated error of 3% in the effective mobility results in a spurious shift in ΔVθ of about
50mV4. The error in ΔVTH obtained after an MSM-simulation is roughly 5mV for the same device
which denotes only a tenth of the simulated ΔVθ-shift. Grasser et al. confirmed these results as
being due to the impact of the mobility variation on the extracted threshold-voltage shift. Obviously
this impact depends on the applied gate voltage. By employing a numerically simulated ID(VG)-
characteristics including a 10% mobility degradation, they showed that the impact of the mobility is
largest in the linear OTF-regime and only weak in the subthreshold MSM-regime [39]. Consequently,
the determination of ΔVTH should be carried out with VG safely in the exponential regime of ID to
avoid additional mobility effects.

When now the measurement sequences depicted in Fig. 4.6 are re-simulated with and without a
mobility variation of 10% after 100 ks stress, as done in [36], Fig. 4.7 (left) is obtained. The extracted
ΔVTH perfectly fits to the expected values given by Qit and Qot when mobility changes are neglected,

4Note that this high value might already be in the range of the device failure definition.
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Figure 4.8: The observed power-law slope as a function of the stress time. Left: The MSM-method does not
show severe mobility degradation errors and basically fits better the smaller the measurement delay
tM is. Right: Only an extremely fast OTF2 method with a hypothetical initial delay of 1 ns is able to
reproduce the measurement data, while OTF1 and OTF3 are contaminated by t0, the mobility variation,
and compact modeling errors (θ = const, etc.).

while those including mobility variation yield a constant shift of +4mV with respect to the real
measurement. This is due to the fact that only interface states are assumed to affect mobility. As
these states are considered permanent, only an upwards shift is obtained in the simulation. Moreover,
the influence of the MSM-measurement delay, which strongly affects the extracted ΔVTH, is very
well described by the simulation results as shown in Fig. 4.7 (right).

A much more complex behavior is observed for the extracted degradation when using OTF
methods, since OTF is seriously affected by the shift inherent in the first data point [40]. The
larger the delay, the larger the distortion of the overall data gets, resulting in a problem similar
to that caused by the MSM time delay, both depicted in Fig. 4.8. While OTF1 and OTF3 are
prone to mobility changes, only OTF2 is uninfluenced by mobility changes. Only when furthermore
presuming a t0 of at least 1 ns small for the latter OTF2, a match of simulation and measurement
is achieved.

4.4 Conclusion

An increasing number of publications is based on the assumption that there are two components
responsible for NBTI: A fast, or universally recovering component on top of a slowly recovering
or permanent component [6, 30, 49, 68]. However, the origin of the permanent and recoverable
component has not yet been identified, as some authors, e.g. [6], claim that state interface states are
permanent and oxide charges are recoverable, while others [31,49] claim interface states to be solely
responsible for NBTI. To reveal the responsible defects, two measurement techniques frequently used
at present were studied in this chapter, the measurement-stress-measurement (MSM) routine and
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the on-the-fly (OTF) method. Based on simulations augmented by suitable models for interface and
oxide charges published in [39], it was tried to explain the experimental results of both techniques.

As expected, both techniques have their specific drawbacks. While the MSM-sequence suffers
from an in-situ measurement delay, the OTF-techniques lack the initial reference measurement with
the OTF1 and OTF3 extraction additionally being affected by mobility degradation. Moreover, the
conversion routine to the threshold voltage shift introduces inaccuracies due to the simplifications
made by the compact modeling, already explained in Chapter 2.3.

Nonetheless, the smaller systematic errors are found within the MSM routine. Despite its in-
trinsic delay, the time evolution of the recovery after BTI stress can be monitored most accurately.
By using several MSM-sequences in a single measurement, the overall stress and relaxation behav-
ior can be reconstructed as follows: Each recovery sequence can be fitted to the universal relaxation
model by an optimization loop. The extracted permanent part P , i.e. the remaining degradation
at the end of the extrapolated relaxation behavior, and the recoverable part R finally render the
possibility to describe the influence of several stress parameters, like the temperature acceleration
for BTI. While R seems to exhibit Arrhenius-like behavior with EA ≈ 0.08 eV independent of the
stress time, P does not.

Finally, by using R and P it is also possible to explain the various values of extracted power-law
stress exponents reported in literature. After a too long delay, i.e. tM > 1 s, mostly P is left to
monitor during the relaxation, while R has already disappeared. This makes the exponent depend
on the delay time. Since higher delay times yield higher exponents, a lifetime extrapolation via such
an exponent is questionable.



Chapter 5

Pulsed BTI Measurements

In the previous chapter various BTI stress tests were performed using the measurement-stress-
measurement (MSM) and the on-the-fly (OTF) technique. Special attention was given to the fitting
of the measurement data onto a universal relaxation law, yielding a separation of the degradation
into a recoverable and a poorly recoverable or permanent component. Data gathered at different
temperatures and stress voltages were found to follow a universal relaxation law. Interestingly both
stress polarities, i.e. NBTI and PBTI stress on a pMOS, always resulted in a negative shift of the
threshold voltage. Unfortunately, PBTI had been rarely discussed in literature until Liu et al.
monitored a positive shift of the threshold voltage due to PBTI-stressed pMOS-devices [24], which
contradicts the results presented by Grasser et al. [30].
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Figure 5.1: pMOSFETs monitored under 1000 s of NBTI (Left) and PBTI stress (Right) followed by 1000 s of
relaxation. While ΔVTH is measured by the FPM (open squares), ΔIcp is measured by OFIT (solid
circles). The fast pulsed ID(VG)-characteristics reveal a negative shift of VTH for NBTI (Left), while
during PBTI a positive shift is visible (Right). At the end of the recovery phase the ΔIcp curve is scaled
to match the value of ΔVTH. According to Liu et al. the difference between two curves (shown in the
inset) yields the amount of contributing oxide traps. Data is taken from [24].
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Figure 5.2: Left: Three different transfer characteristics. A DC-curve originating from a DSO with averaging acts
as reference to ID(VG)-characteristics obtained by two gate pulses with tP = 1 µs and tP = 200 ms. Due
to the limited resolution, especially the subthreshold region of the ID(VG) is affected by quantization
noise. Right: A close observation of the linear regime reveals different values of extracted VTH. They
differ by 20 mV from each other, as marked by ΔV which is on the order of the obtained degradation
for 1000 s of PBTI stress, cf. Fig. 5.3 (left).

One reason of this discrepancy might be the fact that Grasser et al. used the OTF and the eMSM
technique (cf. Chapter 2.3 and 2.1.3), while the two measurement techniques used in [24] are both
based on the application of fast gate pulses: The newly developed on-the-fly fast charge pumping
(OFIT) technique and the fast pulsed ID(VG)-characteristics have been discussed in Chapter 2.5
and 2.2.1. The measurement results obtained by those two pulsed setups are only at a first glance
interpreted in a correct way, as the ΔIcp-curve obtained by OFIT is simply scaled to align the
ΔVTH-curve at the end of the recovery phase in [24]. Based on this alignment scheme depicted
in Fig. 5.1, Liu et al. stated a fast oxide trap component (Not) corresponding to the difference
of ΔVTH(ID(VG)) − ΔIcp(OFIT), which is shown in the inset of Fig. 5.1. Compared to that, the
interface states are considered to recover only slowly. It was furthermore concluded that the fast
oxide traps are responsible for the predominant part of VTH-degradation in the fast pulsed ID(VG)-
characteristics only, since their influence during a DC measurement is drastically reduced due to
the measurement delay. Consequently, this makes the interface states dominate the DC regime.

When taking a closer look at the pulsed ID(VG)-characteristics of Fig. 5.1, a surprisingly huge
offset of about 100mV between the reference value and the first measurement point after 1 s of
stress can be detected. As this already accounts for more than 75% of the total degradation built
up after 1000 s of stress, the high initial ΔVTH seems to be at least questionable.

In order to determine to what extent interface states and oxide charges really contribute to the
measurement signal, a more detailed study of the fast pulsed ID(VG) and the OFIT technique, besides
further measurements is needed. Especially the measurement delay of the setup in combination with
its accuracy is of particular interest here.
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Figure 5.3: Fast pulsed ID(VG)-measurements (FPM) performed on pMOS devices provided by IMEC after the
method of Liu et al. Before FPM is applied using different pulse widths for NBTI/PBTI stress, VTH

is determined in three different ways, cf. Fig. 5.2. Both stress and recovery are interrupted 10 times
within three decades ranging from 1 s to 1000 s for an FPM. Unfortunately, a high level of uncertainty
is obtained by extracting the threshold voltage manually. Left: Applying NBTI stress yields sound
results because of the higher signal-to-noise ratio and the expected negative shift of VTH. Right: When
performing PBTI stress again a negative shift of VTH is found. This qualitatively supports the results
of Grasser et al. presented in [30]. The suddenly appearing offset of −70 mV in-between the last two
readout points during stress was assumed to be due to heavy oxide damage.

5.1 Pulsed ID(VG)-Characteristics

Based on the large discrepancy between the initial reference and the very first measurement point
visible in Fig. 5.1, different ways to extract a reference of VTH are compared in Fig. 5.2. A DC-
characteristic and a slow 200ms-pulse sweep are both compared to the fast 1µs-pulse sweep which
is used for the fast pulsed ID(VG)-characteristics, cf. Fig. 5.4.

While the DC-curve is averaged and hence very smooth, the slow and fast pulses lack accuracy
due to the missing averaging, as can be seen best in the subthreshold regime, which is very noisy.
As depicted in Fig. 5.2 (right), setting the threshold current criteria to ITH = −60µA (linear drain
current regime), yields extracted values of VTH differing in around 20mV. This error is indicated
as ΔV in Fig. 5.2.

The impact of the various transfer characteristics used to get an initial undegraded reference
VTH,0 to eventually measure ΔVTH during stress is depicted for NBTI and PBTI stress in Fig. 5.3.
Here the fast pulsed ID(VG)-characterization using triangular 1µs- and 1ms-pulses with zero pulse
high-time after Li et al. (cf. Chapter 2.2.1) was applied to pMOS-devices with an W/L = 10/0.35 nm
provided by IMEC1.

For PBTI stress Fig. 5.3 (right) the determination of VTH,0 delivers values which are of the same
order of magnitude as the following degradation itself, cf. first and second subfigure. Depending
on the chosen VTH,0-reference the determined degradation hence varies by a factor of two. The

1As for extremely thin oxides (≤ 1.5 nm) direct tunneling occurs between the gate and the interface [52,93], 3 nm
thick SiO2-dielectrics are used to avoid these tunneling currents.
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same holds for the relaxation mode (third subfigure) and its VTH-references taken at t ≈ trel, the
DC-characteristics and slow 200ms-pulse (forth subfigure). Even more important is the fact that in
contradiction to [24], the PBTI results do not exhibit a positive VTH-shift at all, they solely show
negative VTH-shifts.

When the overall degradation becomes larger, as it is the case during NBTI stress (Fig. 5.3
(left)), the error induced by the reference decreases as expected. Unfortunately, the reason of the
poor agreement of the differently extracted initial and post VTH-values remains unclear. As these
references do not indicate any systematic error, but seem to vary randomly, a different approach
which is able to explain the deviating measurement results is needed.

5.2 Further Data Extraction Options

By focusing on the fast pulses only, the measurement setup is simplified. The next step is to
examine the postprocessing of the measurement signal, as done in [24]. Thereby a very important
fact becomes visible. The experimental output of the fast pulsed method, depicted in Fig. 5.3 (third
and forth subfigure), was fitted by hand for each stress and relaxation time step.

To avoid the manual fitting, two methods to process all measurement data consistently are
proposed. The first fits the data by using the SPICE level 1 compact model (2.7) from [37] and
returns the threshold voltage as already introduced in Chapter 2.3. A second method combines the
SPICE level 1 compact model with the constant current criterion of ITH = −60µA. Therefore the
measurement data is first fit in the linear regime. Afterwards the extracted parameters β and θ are
reinserted into (2.7) and reformulated as

VG =
VD

2
+

ID,lin

βVD − θID,lin
+ Vθ, (5.1)

with ID,lin = ITH. These two extraction schemes will be refered to as “avg” and “avg + ITH” in the
following. Before addressing their differences further, another point needs to be discussed.

The pulse polarity differs for NBTI and PBTI during the stress phase. This becomes obvious in
Fig. 5.4, where the standard FPM scheme is examined. The pulse slope used for the VTH-extraction
is highlighted with circles for the three modes of operation: the initial, the stress, and the relaxation
phase.

The transistor is usually driven from accumulation towards inversion and back, i.e. a falling
pulse edge is followed by a rising pulse edge. Only during NBTI stress the polarity of this pulse
is reversed. What at a first glance seems to be irrelevant, namely which edge is chosen for the
extraction, actually turns out to be significant. The ID(VG)-curves extracted from the two pulse
edges forming each pulse do not necessarily coincide as primarily assumed, rather they show a
hysteresis. This hysteresis originates from slightly stressing or relaxing the device through the
pulsed measurement itself. Consequently the pulse hysteresis influences the extracted values of the
threshold voltage.

In the following all meaningful pulse edge combinations for both NBTI and PBTI are schemat-
ically compared in Tab. 5.1. The extracted values of VTH are displayed in Fig. 5.5 (left) for a
1ms-pulsed NBTI-FPM. Depending on which edges are used, the degradation is either overesti-
mated (rising or first pulse edge) or underestimated (falling or second pulse edge). The first case
is due to the fact that the device obviously still relaxes while VTH is determined, while the latter
already suffers from too long delay times, i.e. the time of one pulse edge (1ms) is already missed.
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Figure 5.4: FPM performed with triangular gate pulses. The circles mark the different pulse shapes during the
initial phase, the stress phase, and the relaxation phase. Left: NBTI stress relaxation sequence. Right:
PBTI stress relaxation sequence.

NBTI init stress relax PBTI init stress relax

Rising pulses �� �� �� Rising pulses ≡ Second �� �� ��

Falling pulses �� �� �� Falling pulses ≡ First �� �� ��

First �� �� �� Permutation #1 �� �� ��

Second �� �� �� Permutation #2 �� �� ��

Both averaged �� �� �� Both averaged �� �� ��

Table 5.1: Each pulse of the FPM can be split into two pulse edges, a rising and a falling part. When describing
the three different phases of the initial reference, the stress, and the relaxation measurement, which are
schematically depicted in the figure above, the highlighted permutations are feasible.

During relaxation the same pulse form is used for both NBTI and PBTI. Therefore the hystersis
does not affect the extracted results. As expected, smoother results are obtained by averaging the
pulses.

5.2.1 Determination of the Fitting Region

It is a challenge to determine the range of measurement data within the FPM pulse, which is further
used to extract VTH. This is because on the one hand side the noisy subthreshold region should
be avoided, but at the same time a preferably large range of data points is required for the fitting
algorithm. This balancing act is illustrated in Fig. 5.5 (right). A good compromise is found by
using all data points between VG = −0.32V, where the signal-to-noise ratio is still reasonable high,
and the stress level of NBTI at VG = −3.0V. This range provides the best possible agreement of
the manual fitting and the two proposed extraction schemes, avg and avg + ITH.

5.2.2 Impact of the Pulse Amplitude

Unfortunately, the different FPM-setups for NBTI and PBTI featuring different pulse amplitudes
do not give comparable qualitative results for degradation and relaxation (cf. Fig. 5.4). During an
FPM-pulse, always the same number of data points per 1V is recorded to guarantee a constant
resolution of pulse amplitude per time, i.e. a constant slope. However, VTH-extraction using (5.1)
strongly depends on the data range of the gate pulse. The usable range was already determined to
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Figure 5.5: Changes of the threshold voltage of the SPICE level 1 model fit to FPM after [24,51]. Left: The results
of the manual extraction routine, which is applied according to [24,25,51] (filled symbols), are compared
to the proposed “avg + ITH” extraction scheme. By using various pulse edges of the measurement data
as displayed in Tab. 5.1, more or less smooth ΔVTH-curves are obtained. The extraction which uses both
pulse edges (averaged pulse) yields the best possible results that can be obtained for FPM. Due to the
hysteresis between the rising and falling edge all other pulse combinations give barely acceptable results.
Right: The VG-range used to extract VTH properly is restricted by the noise in the subthreshold regime
on the one hand and by the maximally accessible inversion regime on the other hand. The optimum
VG-range goes from −0.32 V to −3.0 V.

be less than 3V wide for NBTI stress, but is unavoidably even more limited for PBTI stress. That is
because it is important to avoid any NBTI stress during a PBTI-FPM, since the interplay between
NBTI and PBTI is not yet understood and therefore not distinguishable at the present day. In fact,
the readout pulse during PBTI mainly covers the accumulation regime and just records the onset
of inversion; it is not allowed further towards more negative bias. This yields a very limited range
of −0.32V down to −1.0V for the VTH-extraction during PBTI.

Unfortunately, the noisy measurement data in combination with the avg fitting algorithm results
in an oscillating stress curve, depicted clearly in Fig. 5.6 (left). Applying the avg + ITH-extraction
heavily reduces this oscillation as the current criterion in the linear regime (ID = 60µA) is less
sensitive to a change of the slope of the ID(VG)-characteristics. For NBTI, the strongly differing
degradation values after 1 s as well as the differing slopes of the degradation curves for the manual
fitting, the avg-, and the avg+ITH-extraction can be explained by the different mobility degradation
of the corresponding VTH. As the extraction scheme of VTH is at least comparable for the manual
and the avg + ITH-extraction, because both are extracted in the linear drain current regime, the
corresponding degradation and relaxation is also similar.

5.2.3 Varying Pulse Rise/Fall Times

An important point has not yet been discussed so far. When investigating short pulsed BTI mea-
surements such as FPM, the time-resolution of the measurement equipment is of utmost importance.
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Figure 5.6: Fast pulsed ID(VG)-measurements after [24, 51]. Left: In order to prevent any effects caused by NBTI
stress, the possible pulse amplitude during PBTI stress is limited. Hence fitting these pulses yields very
noisy output in contrast to NBTI, whose pulses are not strictly constrained. These different limits of
the usable pulse amplitude make the FPM routine less applicable to PBTI stress compared to NBTI
stress. Right: The comparison between longer and shorter pulse times reveals no surprise, as the longer
1ms-NBTI-pulse gives the best match to the manually extracted one.

To determine the limits of the used setup, a short 1ms- and a very short 1µs-pulse mode2 are com-
pared for NBTI in Fig. 5.6 (right). Not surprising, the extracted values using the 1ms-pulses are
smoother than those using the 1µs-pulses. This is due to the best signal-to-noise ratio of all four
performed FPM (NBTI/PBTI using 1µs/1ms), previously depicted in Fig. 5.3.

5.2.4 Consequences

The two described extraction schemes of the FPM-method, namely the avg- and the avg + ITH-
extraction, have shown that fully automated handling of a dataset helps to consistently compare
experimental results. However, the performed measurements also underlined the fact that even
with proper fitting/smoothing methods to avoid noise as much as possible, the practicability of the
measurement routine has to be checked first, especially when dealing with different pulse polarities
for NBTI and PBTI.

In the case of PBTI a detailed characterization via FPM is simply not possible because the
pulse settings are not suitable for both PBTI stress and recovery characterization in a single mea-
surement. The settings are usually a compromise between maximizing the data range for the
ID(VG)-characteristics on the one hand and preventing the device from undesired NBTI stress on
the other hand. The latter case occurs when the device is driven too far into inversion. Despite
these drawbacks the trend of the degradation can be determined, cf. Fig. 5.3. It features a negative
shift of the threshold voltage, comparable to NBTI but smaller. So far this refutes the existence
of electron tunneling as stated in [24], but unfortunately the actual type of defects contributing
to BTI still remains unclear. Therefore the measurement technique proposed at the beginning of

2The pulse time here corresponds to the added rise and fall time of the pulse.
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this chapter using charge pumping will be investigated next. Special emphasis is again put on the
measurement method itself.

5.3 Experimental Identification of Defects

It was already shown in Chapter 2 that the experimental access to BTI is extremely challenging due
to the rapid recovery of the degradation, setting in as soon as the stress is removed. In particular,
it has been observed that when after NBTI stress the device is positively biased, a considerable
part of the recoverable component is lost [6, 62, 77, 94]. Until recently, this has been explained
by the detrapping of holes [6, 62], while interface states have been assumed to only change their
occupancy but do not recover. Unfortunately, this makes any experimental accessment of the
defects contributing to BTI very complex.

A quite striking result obtained with on-the-fly charge pumping (OFIT) measurements is that
in contradiction to charge pumping (CP) measurements, OFIT data suggest a considerable amount
of fast initial recovery of interface states. It has to be noted that this fast initial recovery is not
explicitly measured, but is only inferred from the differences between the last stress and the first
recovery measurement. The correctness of this assumption heavily affects the understanding of the
short-term behavior of interface states. It is hence a major topic to clarify this subject as it is the
prime requisite for the development of a reliable model.

By performing CP and OFIT measurements on different technologies as decribed in Chapters 2.4
and 2.5, the issue whether interface states do recover quickly (<1 s) or not is resolved in the following.

5.4 OFIT versus CP

As in conventional CP measurements, care has to be taken that parasitic tunneling currents and
geometry effects do not pollute the measured charge pumping current Icp. The first problem is even
more severe in the OFIT technique since there the low level gate voltage equals the stress voltage,
resulting in excessive tunneling in thin oxides [51]. In order to avoid these problems, also large-area
devices with thick oxides (30 nm) are used. As shown in Fig. 5.7, the measured Icp during stress
and recovery are qualitatively identical for three completely different technologies (30 nm thick SiO2,
3.5 nm thin SiO2, and SiON).

Quite remarkably, continuous application of OFIT pulses (as well as CP measurements) has a
dramatic impact on both the stress and the recovery characteristics. In particular, with 3 mea-
surements per decade of relaxation time, Icp is quasi constant during recovery, while up to 100
measurements per decade in time result in approximately 80% recovery of Icp.

Another fact is that the first OFIT measurement point during stress is already responsible for
at least 30% of the total degradation. Likewise, the first measurement taken during recovery at
300ms already shows 30% recovery while the rest of the recovery depends basically on the number
of measurements per decade. Though not shown here, the same behavior is obtained for CP. To be
able to understand how recovery works here, a deeper analysis of the charge pumping technique is
needed.
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Figure 5.7: Comparison of OFIT and CP results. For OFIT the offset between end of stress and beginning of
relaxation is comparable for different technologies and geometries (not shown). Previously this was
explained by fast recovery. This fast recovery is absent in CP (indicated for SiON). Furthermore,
continuous gate pulsing affects both stress and relaxation, causing a faster recovery of interface states
with increasing number of measurements (black circles vs. black squares, both of 30 nm OFIT).

5.5 Analysis of the OFIT Technique

As described in [95, 96], a constant base-level CP measurement with VBase = 2V is performed
using a gradually increasing pulse amplitude ΔVG. Until the desired stress level is reached, starting
from −1V down to −18V, the pulse slopes have to be kept constant to obtain comparable results.
Constant pulse slopes ensure that the upper and lower energy boundaries of the active energy
interval remain unchanged when ΔVG increases [50]. Due to a constant pulse slope the amplitude
of ΔVG is proportional to the pulse rising (often referred to as leading) and falling (trailing) time.
Given the additional requirement of a constant duty cycle, the rise and fall times have to be adapted
at every voltage step within the CP measurement to obtain the proper charge pumping current Icp.
Since it is inevitable to change both the pulse width and also the rise and fall times one has to
ask for the potential pitfalls: Are OFIT-data obtained during stress and relaxation comparable? If
that is not the case, is there some possibility to correct this nonconformity? These questions will
be examined in the following.

Starting with Fig. 5.8 (left) the two large arrows pointing up and down reveal some important
aspects of the temporal evolution of the pulses during a CP measurement. The charge pumping
current Icp at stress conditions (VG,low < −3V) differs a lot when compared to that obtained
during relaxation (VG,low = −1V). The higher the NBTI stress conditions, the larger the Icp-signal
becomes. This can be partly attributed to the desired effect of using the measurement setup to also
stress the device. However, it cannot fully account for the observed behavior.
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Figure 5.8: Left: Charge pumping current Icp for different pulse amplitudes as observed in constant base-level
CP measurements with VBase = 2V and a gradually increasing pulse amplitude ΔVG = VBase − VG,low

from VG,low = −1V down to VG,low = −17V. Icp shows a significant hysteresis. If Icp is evaluated at
the falling pulse edge, the lower branch of the curve is traversed. Evaluation of the rising pulse edges
gives the upper branch. However, the contribution of slow oxide states and an additional hysteresis
(marked with ΔIcp) are clearly visible for increasing pulse amplitudes. This implies that depending on
the pulse amplitude, Icp will contain contributions of both, interface and oxide states. Provided only
interface states are available, Icp should be independent of the pulse amplitude (dashed line of I it

cp,0).
Top Right: At low temperatures the hysteresis is negligible (less than 1%) and the contribution of slow
oxide traps is reduced. Bottom Right: At low frequencies and high temperatures the contribution
of oxide traps increases due to the increased rise and fall times. A comparable if not equal part of
interface states constituting ΔIcp can be identified for different frequencies but equal temperature when
checking against the left figure. Following these results at least part of the defects must vary with
temperature or frequency. For better comparability, the data at 12.5 kHz are scaled to the reference
frequency (fref = 125 kHz).

5.5.1 Dependence on Gate Voltage Low-Level

To compare stress and relaxation properly, the initial charge pumping signal I it
cp,0 should stay con-

stant over the whole considered low level gate voltage VG-region. Hence, under the assumption that
only interface states contribute, Icp should actually become independent of VG,low as soon as the
strong inversion regime is reached. This I it

cp,0 is marked by the dashed line in the left of Fig. 5.8.
However, as demonstrated previously [43,44], Icp continues to increase, albeit at a much slower rate.
This increase with ΔVG is routinely attributed to slower oxide traps ΔNot and Icp = I it

cp+Iot
cp [47,97].

So, regardless of the amount of degradation, Icp varies as function of VG,low. This fact has to be
taken into account for a meaningful comparison of stress and relaxation CP data.

5.5.2 Hysteresis due to Stress

When VG,low is lowered towards the stress voltage, as required in the OFIT technique, Icp extracted
from the rising and falling pulse edges start to deviate, introducing a hysteresis. The hysteresis
is only visible for larger pulse amplitudes, indicating degradation (marked with ΔNit and ΔIcp)
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due to stress. While the impact of the oxide traps visible during medium VG,low appears to be
fully recoverable, the component causing the hysteresis is not. This can be seen in Fig. 5.8, where
Icp increases during subsequent measurements performed on the same device. We attribute this
hysteresis to the creation of additional interface states due to NBTI stress at VG,low = Vstr [78].
Starting at −2V there is nearly no stress. The deeper the device is stressed into inversion the larger
the hysteresis becomes, resulting in an increased offset for the next pulse. The total hysteresis at
a certain stress level hence not only consists of the hysteresis of the momentary charge pumping
measurement but depends on the previous measurements3.

As displayed in the inset in Fig. 5.8 (left), the very first pulses are almost free of stress (no
hysteresis, ΔIcp = 0) and hence the deviation of Icp from I it

cp,0 is entirely due to oxide traps.
Only a negligible amount of interface states ΔNit are created by the measurement process. The
hysteresis-free area will be discussed in more detail in the next section.

When the experiment is repeated at a lower frequency (see bottom right of Fig. 5.8), one finds
that the interface state contribution can be scaled to the reference frequency (fref = 125 kHz) [44].
This is compatible with the fact that the stress duration is practically independent of frequency.
On the other hand, the recoverable oxide trap contribution to Icp depends on frequency, consistent
with the idea that the lower the frequency (corresponding to more time per pulse) the more oxide
traps can contribute to Icp [95].

Finally, at a low temperature, displayed at the top right of Fig. 5.8, practically no hysteresis is
introduced (no NBTI stress) and also the oxide trap contribution is reduced, consistent with the
idea that these traps are due to a thermally activated tunneling mechanism [98] rather than elastic
(and thus temperature-independent) hole tunneling [94].

5.6 Extrapolation of Oxide Trap Contribution

As demonstrated above, during an OFIT measurement a distortion of Icp due to oxide charges and
due to the creation of defects during the low-level is monitored. In order to analyze this distortion,
V̂G,low is determined to be the lowest value of VG,low at which no hysteresis is observed. The dataset

VG,low > V̂G,low is then used to extrapolate the impact of oxide charges ΔNot down to the stress-
level. It is not possible to obtain this information from the stress pulse because of the contribution
of both parts ΔNit and ΔNot. Quite remarkably, the data [78] can be fit by a quadratic polynomial,
consistent with our NBTI experiments where we also observe a quadratic (E2

ox) dependence of the
hole-trapping component [18,98,99]. The hole-trapping theory developed in [98] was applied to our
data and excellent agreement was obtained. The difference between the actual signal (I it

cp +Iot
cp) and

the extrapolated curve in Fig. 5.9 finally gives ΔNit.

In Fig. 5.9 the extraction algorithm for ΔNot and ΔNit is demonstrated. Stress and relaxation
pulse responses both consist of two branches, one falling and one rising, as marked by arrows. In
the falling branch, VG,low varies from 0V to −17V. In the rising branch, VG,low varies from −17V
to 0V. Only pulses with constant Irise

cp − I fall
cp (or even without a hysteresis, i.e. Irise

cp − I fall
cp = 0) can

be used to create an extrapolation guess for higher VG,low. This ‘safe window’ ranges from 0V to
−8V, where both branches are indistinguishable.

The extracted components for different temperatures and frequencies are given in Fig. 5.10. The
additionally created oxide traps ΔNot depend on frequency as well as on temperature and clearly

3Note that all pulses in the graph are performed on the same device to ensure comparability.
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Figure 5.9: Left: Charge pumping current Icp for the stress pulse (Vstress = −17V) and the relaxation pulse (Vrelax =
−8V), shown in Fig. 5.8 (left). To decompose the contribution of oxide charges and additional interface
states we look at the difference Irise

cp − I fall
cp . In the range −8V < VG,low < 0V, this difference is constant,

implying no additional creation of interface states. From this ‘safe window’ we extrapolate to the
minimum low-level to estimate the contribution due to oxide charges. Note that the first branches I fall

cp

of the stress and relaxation pulse differ from each other due to pre-stress pulses between VG,low = −8V
and VG,low = −17V. In fact, when using fresh devices for each measurement all I fall

cp would coincide.
Top Right: Lower temperatures simplify the extrapolation due to the absence of degradation. Here
the full range of pulse amplitudes can be used to verify the extrapolation down to deep inversion. The
missing hysteresis indicates the absence of additional oxide states in deep inversion at low temperatures.
Bottom Right: Noise complicates this procedure at low frequencies. Data are scaled to fref = 125 kHz.

show V 2
G,low ∼ E2

ox behavior. The hysteresis due to additionally created traps ΔNit is independent
of frequency, but strongly dependent on temperature.

5.7 Simulation of the Charge Pumping Current

To approximately account for the above mentioned temperature and field activated tunneling pro-
cess, a modified Shockley-Read-Hall (SRH) model4 is used within our device simulator Minimos-
NT [89]. The SRH-capture-rates are multiplied by

exp



E2

ox

E2
ox,ref

�
exp

�
−ΔEB

kBT

�
(5.2)

where Eox is the electric field in the oxide, Eox,ref is a reference value, ΔEB the multi-phonon
emission barrier and kBT the thermal energy. ΔEB can be characterized by a Gaussian distribution
with the mean energy ΔEB,mean. When setting the parameters some points need to be considered
in order to end up with a physically appropriate model:

4Additive rates of the generation and recombination model are introduced in order to model the oxide traps.



Chapter 5. Pulsed BTI Measurements 47

-20 -15 -10 -5 0
VG,low [V]

0

5

10

ΔN
it [a

.u
.]

fit
fit

0

5

10

15

20

25

ΔN
ot

 [a
.u

.]

 100°C 12.5 kHz
 100°C 125 kHz
 -60°C  125 kHz

f    = 12.5 kHz

fref = 125 kHz

extrapolation  ΔN
ot  ~ E

ox
2
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ox, and depends on the frequency as well as on the temperature.
The hystereses displayed in the previous figures are due to additionally created traps, ΔNit, which are
independent of the frequency but strongly dependent on the temperature.

1. The first exponential factor in (5.2) models the bias dependence. It is very sensitive to changes
of Eox,ref due to the squared exponent, leading to a very small range of valid Eox,ref values.
This Eox,ref reference field acts as a scaling factor.

2. When setting the barrier too low, the oxide traps contribute to the interface trap signal as the
second factor approaches unity. Setting the barrier too high leads to very low rates, effectively
eliminating the contribution of oxide traps.

3. The distribution of ΔEB determines the dependence of Icp on VG,low. Increasing the mean
of the distribution at ΔEB increases the mean capture/emission-time constants. Since with
constant-slope pulses higher pulse amplitudes ΔVG require longer pulse durations, increasing
the mean ΔEB shifts the point from which a significant contribution of oxide traps ΔNot can
be observed to higher pulse amplitudes. On the other hand, broadening the distribution of
ΔEB (increasing the variance) also broadens the distribution of time constants, observable as
broadening the range of VG,low where Icp increases.

4. Lastly, the distribution determines how strong some oxide traps contribute to the Icp-signal
in each time-interval of the pulse. To achieve a smooth quadratic behavior as observed in
the experiments, Fig. 5.11, a broad Gaussian peak over a wide range of energies is required
(ΔEB,mean = 1eV,ΔEB,σ = 0.5 eV), consistent with other NBTI experiments [98,100].

The final simulation results are depicted in Fig. 5.11. As the simulation treats the CP measure-
ment process as stress-free, no additional interface traps are created and only the oxide-charge part
is visible. With the thermally activated barrier the increasing Icp can be described.
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Figure 5.11: The contribution due to oxide traps can be well described using the model suggested in [98]. This model
assumes that hole-trapping is possible via a multi-phonon process implying a thermally activated barrier
exp(−ΔEB/kBT ) and an exp(E2

ox/E2
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describes oxide traps and interface traps without applied stress conditions. Additional interface traps
due to NBTI stress are missing in the simulation because of a constant number of interface traps for
each simulation point (solid circles).

5.8 Results

Based on the previous results we are now able to better understand the charge pumping current
Icp measured with the OFIT sequence. The presence of additional charges contributes to the signal
when the pulse amplitude ΔVG is increased. A large spread of time constants larger than that of
the interface states is necessary to explain the results. By assuming oxide traps with a distributed
thermally activated barrier one is able to explain the measurement results with good accuracy.
Whereas interface states seem to not respond to an increasing electric field and due to their small
time constants account for Icp at low (10 kHz) and high frequencies (1MHz), the oxide traps are by
far slower due to the assumed barrier ΔEB they have to surmount. That is why oxide traps only
affect Icp at lower frequencies, i.e. 10 kHz.

The particularly troublesome part is the application of the OFIT technique during the stress
phase, where both oxide traps ΔNot and additionally created interface states ΔNit add to Icp.
These contributions are absent during the initial reference measurements and during the OFIT
recovery measurements both taken at VG,low = Vrel. This has fundamental consequences on OFIT
measurements: Initially, a reference Icp is recorded. Following this reference measurement, the
gate voltage low-level VG,low is switched to Vstr. Due to the much larger ΔVG now a significant
contribution of Iox

cp is obtained. Furthermore, with the large pulse amplitude, additional interface
states are created, which is the intended effect of this OFIT measurement. However, without this
the additional increase in Icp due to oxide traps must not be attributed to interface states created by
degradation. Consequently, Iot

cp needs to be corrected in the measurement data. Using the mentioned
extrapolation method of ΔNot = AE2

ox reveals that the 30% initial increase in Icp is entirely due to
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Figure 5.12: Oxide traps lead to a spurious increase in the charge pumping signal during stress. Using the scheme
developed for Fig. 2.7, a corrected Icp is obtained. The smooth transition between the corrected Icp

during stress and the Icp during recovery suggests that no fast recovery takes place.

oxide traps. The corrected last stress value in Fig. 5.12 is identical to the first value at the recovery,
leading to the conclusion that no fast interface state recovery occurs.

5.9 Conclusion

With the help of the pulsed measurement techniques presented in this chapter, the FPM and the
OFIT technique, it was tried to reveal the recovery accounting for BTI. The FPM technique pro-
vides a sophisticated way to monitor the degradation of a MOSFET when the data is extracted
consistently. Nevertheless, it suffers from a serious shortcoming: It is not suited for PBTI, since the
determination of VTH requires to reach deep inversion which should be avoided as far as possible in
order to avoid a superposition of NBTI and PBTI. This renders a precise and equivalent comparison
of NBTI and PBTI impossible. In spite of that the previously observed positive VTH-shift during
FPM which was explained by electron tunneling could not be reproduced. Quite the contrary, solely
negative VTH-shift was observed for both NBTI and PBTI.

The second proposed pulse technique performs constant base-level charge pumping measure-
ments to access the dynamics of interface states. Thereby it was found that the charge pumping
current Icp is not constant in the inversion regime, but increases due to slow oxide traps. As a con-
sequence, the data gathered during stress and recovery phases for the OFIT measurement technique
is fundamentally different and must not be directly compared, as for example done in [101]. When
also oxide traps with a thermally activated barrier are considered in addition to interface states,
the OFIT results do not show fast initial degradation or fast recovery of interface states after one
second anymore. The real short-term behavior will be elaborately examined in Chapter 6 and 7.
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Chapter 6

Short-Term NBTI

During long-term stress, most measurements indicate that ΔVTH follows a power-law as Atn [7,49,
102,103]. However, log-like behavior, in particular at short times, has also been reported [11,40,84].
Both cases are depicted in Fig. 6.1.

The conventional explanation of the resulting degradation uses elastic hole trapping due to tun-
neling carrier exchange with the substrate (initial degradation) [11,84] and the creation of interface
states (long-term degradation) [94,104]. While [94,104] claim that processes in the short-time scale
show a negligible temperature dependence, the latest results support a thermally activated tunneling
mechanism [78,98,105] (cf. Chapter 5).

Previous short-time measurements using conventional parameter analyzers with a time resolution
in the millisecond regime indicate that at least for up to medium stresses a logarithmic time depen-
dence is observed during the first three decades (1ms up to 1 s) [106]. This logarithmic short-term
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Figure 6.1: A pMOS with tox = 1.4 nm SiON yields a different stress behavior when comparing the short-term to
the long-term behavior and the question arises whether there are two mechanisms contributing to NBTI
or one. Left: Unscaled stress and restress phases of the extended MSM sequence provided by Kaczer
et al. [17,18]. Right: Scaling the data shown left gives a universal curve which more clearly reveals the
log(t) versus the power-law dependence.
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degradation shows a strong temperature activation and a quadratic stress field dependence (∼E2
ox)

up to medium stress (≈ 5MV/cm). For longer stress times and higher stress fields (≈ 7MV/cm),
degradation starts to deviate from the logarithmic behavior [98,106].

To better understand the underlying mechanisms of short-term NBTI degradation, an extensive
study of the short stress time behavior far below the range of milliseconds to seconds needs to be
performed. Unfortunately, accurate measurements in these time scales are difficult to access due
to noise [42,107]. In particular, the noise in the µs regime makes it difficult to extract information
on the smallest time-constants contributing to the degradation. The currently used measurement
methods for fast NBTI evaluation [12] are briefly summarized, based on Chapter 2:

(i) The fast-VTH method [11,15] (Chapter 2.1.2) interrupts the stress (µs delay) to quickly record
VTH during recovery.

(ii) The fast-ID method [17, 18, 20, 30, 106] (Chapter 2.1.1) monitors the drain current ID near
VTH, which is then converted to ΔVTH [106] using an initial ID(VG) curve. This characteristic is
only recorded around VTH so as not to prestress the device.

(iii) The on-the-fly (OTF) method [6,28,36] records the degradation during stress and hence does
not introduce unwanted recovery, but suffers from mobility degradation, which leads to a spurious
ΔVTH [41, 108] (Chapter 2.3).

While OTF suffers from the problem of the initial reference measurement, which already stresses
the device, the fast-VTH and the fast-ID methods can record an unstressed reference value but suffer
from the delay during measurement [12,18]. Due to its non-stop recording nature, methods (i) and
(ii) [12, 18] can continuously monitor recovery and, thus, allow an extrapolation back to shorter
measuring delays.

Based on this experience fast rectangular gate pulses are used for short-term NBTI degradation
in the range of 1µs to 1 s here. Recalling that previously published results [106] only feature a
minimum time of 1ms means that the number of decades in time for short-term degradation is
doubled from three to six. This method is called improved fast pulse method (Chapter 2.2.2) and
will be explained thoroughly in the next two sections and is finally compared against the fast-VTH

method of [15].

6.1 Gate Pulse Settings

In order to automatically perform the required averaging of the recorded ID, rectangular gate pulses
were used for short-term NBTI stresses in the range of 1µs to 1 s, as illustrated in Fig. 6.2. Each
gate pulse was followed by a 100 times longer recovery sequence which allowed for full recovery of
the built up degradation [14].

Consequently, a pulse train with tlead = ttrail = 5ns, a width tW = tstr, and a period of
tP = 100 tstr, consisting of N pulses is used. The product NtP is only limited by the overall
measurement time tM = NtP. A compromise between the recovery time in-between pulses (≈ tP)
to let the device fully recover and a reasonably high N has to be found in order to gain sufficient
measurement accuracy through averaging.

Since the oscilloscope uses a linear time scale, but NBTI stress must be assessed on a logarithmic
scale spanning at least 3 to 4 decades, the stress time of 1 s had to be split into three intervals, cf.
Fig. 6.2 (right). This allows higher time resolution at the beginning of the stress phase and lower
resolution at its end. Since the measurement noise decays with the inverse of the time resolution,
with the slower sequences a lower averaging number is necessary to achieve a given amplitude
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Figure 6.2: Short-term NBTI stress is performed using 1 µs up to 1 s long rectangular gate pulses. Left: The very
low duty cycle is necessary to achieve full relaxation between stresses. Right: The total stress time is
split into three sub-intervals including some overlap. To record the same process many times, the above
mentioned long recovery time is required. Averaging enhances the amplitude resolution. The number of
used pulses is shown in the legend.

Sequence tW = tstr trel tP N Resolution

1 1ms 99ms 0.1 s 1000 0.16µs
2 100ms 9.9 s 10 s 10 16µs
3 1000ms 99 s 100 s 5 160µs

Table 6.1: Details of the rectangular stress pulses used to maximize the amount of recorded information together
with the resolution.

resolution. The according values of tstr, trel, tP, and N are shown in Tab. 6.1, as well as the
resolution, which also equals the minimum stress time of the respective stress sequence.

In order to combine the three sequences into a single degradation curve with a maximum effective
resolution from 1µs to 1 s, the three stress sequences are chosen to overlap for at least one decade of
time. Since only differences of currents (ID) are recorded, the overlap regions provide information
to align the sequences to a single stress characteristic. An example is displayed in Fig. 6.3 (left).
The offset in ID/ID,0 depends on the different amplification factor in each measurement sequence.

6.2 Data Extraction

Since both the measurement equipment and the pulse generator are operated at their limits, a few
points have to be carefully considered during the final data extraction.
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Figure 6.3: Left: Different amplification factors in the DSO settings are responsible for the vertical offset (top).
This has to be corrected to make the stress sequences coincide. Merged stress sample (bottom) using
a log-fit and shifted to the reference time t0,ref = 2 µs. Right: Different reference times t0,ref result
in different degradation. It can be seen that for t0,ref = 50 µs about 25% of the ΔID/ID,0 are missed.
On the other hand, too short t0,ref are not reasonable and result in a spurious shift by a not-yet steady
measurement signal (t0,ref = 0.2 µs, 1 µs). Compare with Fig. 6.4.

6.2.1 Offset

Acquisition of 25 kSamples yields 3 to 4 usable decades in time for each sequence. The combined
sequences result in 5 to 6 decades in time, with a possibly too large deviation of VG,str from the
reference V ref

G,str set at the DSO during the first decade1. In the remaining decades the data can be
either fit by a logarithmic time-dependence

ΔID(tstr)

ID,0
=

ID(tstr) − ID,0

ID,0
= −B log 10(tstr/t0,ref) (6.1)

with ID,0 = ID(t0,ref), or a power-law −A (tstr/t0,ref)
n with a very small exponent n ≈ 0.04. ID,0 is

obtained at stress-level with a delay t0,ref and thus not equal to ID(0) [40] and results in an offset
of the relative degradation, see Fig. 6.3 (right).

6.2.2 Initial Measurement as Reference

Unfortunately, the transition from the end of stress to the following recovery is always accompanied
by some delay and finite transition times. Effects faster than 1µs are not visible in the experiments.
The delay of the first measurement point serving as an initial reference is often discussed in literature
[15, 30, 40, 109]. Some authors [42, 102, 104] argue 1µs to be sufficiently short. However, while a
reference time t0,ref taken at 0 s would be the ideal case, the real t0,ref > 0 s always depends on the
used equipment. Furthermore, different t0,ref strongly influence the following stress behavior, cf.
Fig. 6.3 (right).

1The reason why this happens and its consequences will be explained in more detail in Chapter 6.2.3.
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visible which are shown in the inset. This is due to the limited switching speed of the pulse generator
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(squares). The noise is apparent in all three sequences and limits ǫ to extremely small values. Right:
Logarithmically weighting in time and skipping the first data points corresponding to a parameter tskip

does affect the shifting stability but only slightly changes the shift ΔID/ID,0 (1%).

6.2.3 Gate Voltage Criteria

In this section it is demonstrated that, in general, fast NBTI measurements have to be taken with
a grain of salt. This is largely due to difficulties with synchronization between the stimulus and the
actual measurement. So even when the experiment is free of systematic synchronization errors, i.e.
switching of the gate voltage and recording of ID start at the same time, the finite settling time of
real signals makes ex-post time zero adjustments necessary. Hence, the time evolution of the actual
waveform has to be checked carefully [18]. It turned out that the pulse length is around 0.3% longer
than originally set by the pulse generator. This factor has to be accounted for and the real stress
times tstr of the sequences need to be extracted using the applied gate pulse. As shown in Fig. 6.4
the pulse is affected by the transient behavior and a possible overshoot due to the non-instantaneous
switching between VG,rel, which is applied in-between the pulses, and VG,str. Therefore, after the
transition regime, a steady state value of VG,str is determined and set as V ref

G,str (usually taken at

tstr/2). Then an error criterion, i.e. |(VG,str−V ref
G,str)/V

ref
G,str| ≤ ǫ is employed. Since noise is apparent

in all three sequences, ǫ has to be chosen large enough to not disrupt the pulse, usually in the range
of ǫ ≈ 0.3%. Starting at tstr/2 and moving as well to lower (to the beginning of the pulse) and
higher (to the end of the pulse) times sets new borders of our accepted stress time tstr.

The treatment of the relaxation phase is more complex. It is argued that the noise level is the
same during stress and relaxation (the DSO continuously records, using the same settings), and the
settling time of the pulse generator in theory is equal regardless if switching from VG,rel to VG,str or
vice versa occurred. The criterion for the relaxation phase could then be established as ‘all points
extending to both sides of t = 2tstr that fulfill |(VG − V ref

G,rel)/V
ref
G,str| ≤ ǫ’. This effectively uses the
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same absolute allowed deviation from V ref
G,rel as was used during determination of the stress phase,

hence this method will be referred to as the ‘ǫabs-criterion’. On the other hand, the relative error
in ID (and hence in ΔVTH) that would erroneously be attributed to NBTI is given by the relative
deviation of VG, asking for a criterion |(VG − V ref

G,rel)/V
ref
G,rel| ≤ ǫ. This method, which is tighter by

a factor of |VG,str/VG,rel| ≈ 7, is referred to as the ‘ǫrel-criterion’. Both methods were investigated
thoroughly, and the relative method was chosen.

6.2.4 Brute-Force Truncation of the Transient

A second possibility to determine tstr is to skip the first data points during the transient until a
specific time tskip. This method, displayed in Fig. 6.4 (right), is far easier to implement and gives
stable results for various values of tskip. Unfortunately, tskip has to be adjusted manually for every
measurement. Hence, the first method is chosen.

6.2.5 Final Setting of Parameters

The finally extracted data is more or less sensitive to the values of the parameters t0,ref and ǫ. For
ǫ a value of 0.3% is used for the stress case, while for relaxation larger values have to be chosen
to account for the instantly beginning relaxation. This issue will be dealt with in Chapter 6.5. As
can be seen in Fig. 6.4 a t0,ref slightly after the first value should be selected to both eliminate
the influence of the first noisy points and delay time. Hence, t0,ref = 2µs appears a reasonable
compromise.
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2.2 nm, and 5.0 nm) can be scaled as well. Only the thick device is affected by noise due to the low
degradation. The graph at the very bottom combines the three dependencies.

6.3 Logarithmic Stress Behavior

In order to understand the microscopic physics behind the short-time degradation, the temperature,
voltage, and oxide-thickness dependence of the prefactor B of (6.1) is investigated. Therefore, a
large dataset of stress measurements is collected and analyzed.

6.3.1 Used Samples and Stress Conditions

pMOSFETs from a standard 90 nm CMOS process with plasma-nitrided oxide (around 6% of nitro-
gen) were used. Two thin oxide devices (tox = 1.8 nm, 2.2 nm) with geometry W/L = 10µm/0.12µm
and one thicker oxide device (tox = 5nm) with W/L = 10µm/0.24µm were used. The devices were
stressed with gate voltages VG,str of −1.75V, −2.00V, −2.25V, and −2.50V at temperatures of
25 ◦C, 75 ◦C, 125 ◦C, and 175 ◦C.

6.3.2 Temperature Scaling

The temperature dependence of ΔID/ID,0 is displayed in Fig. 6.6 for the thinnest device (tox = 1.8 nm)
with VG,str = −2.25V. In the range 25 ◦C to 125 ◦C, the data can be perfectly fit by a logarithmic
time dependence (differences would not even be visible in the plots). A slight deviation is observed
for higher temperatures for tstr > 10ms, possibly due to the onset of the mechanism responsible for
the long-time power-law behavior with a larger power-law exponent n ≈ 0.12. This might be due
to the dependence of two compound power-laws which are discussed in literature [49]. Apart from
that, different temperatures can be scaled well to the data at T ref = 175 ◦C, as shown by the dotted
lines in Fig. 6.6, and the indicated scaling factors marked by arrows.
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resented by the black solid line. Degradation for the tox = 5.0 nm devices was too noisy due to too
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tion, tox = 5.0 nm does not due to the low electric stress field. For tox = 2.2 nm the transition of the
temperature dependence is visible at T = 175 ◦C between VG,str = −2.00 V and VG,str = −2.25 V.

6.3.3 Voltage Scaling

The voltage dependence is depicted for tox = 1.8 nm and T = 175 ◦C (Fig. 6.6). Scaling to
V ref

G,str = −2.50V leads to perfect congruence. Again, the scaling factors are shown next to their
corresponding traces.

6.3.4 Oxide Thickness Scaling

Due to the relatively low ΔID/ID,0 degradation for tox = 5.0 nm resulting from the low-voltage
stress conditions studied here (small Eox), noise seriously limits the accuracy. Nonetheless, good
scalability for different tox devices (1.8 nm, 2.2 nm, and 5.0 nm) can be obtained (Fig. 6.6).

6.3.5 Extracted Prefactors

The prefactor B of the log-fit for various tox, VG,str, and T is displayed in Fig. 6.7. In agreement
with previous experiments, it is observed that low VG,str results in small temperature activation,
while VG,str larger than the operating voltage of the MOSFET gives a notable activation energy
of 0.1 eV. Note that this value is in agreement with activation energies extracted at long stress
times [106]. Fitting the data to a power-law A (tstr/t0,ref)

n results in an exponent n ≈ 0.04 for
short-term stress, roughly a third of the often reported n ≈ 0.12 of the long-term behavior. This
is in very good accordance with the standard EA for NBTI stress and accounts for a strong VG,str

dependence, excluding elastic hole tunneling.
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The right graph of Fig. 6.7 represents the prefactor B plotted for different tox at different
temperatures. In the devices with tox = 1.8 nm, all the stress voltages are above the operating voltage
and result in a marked temperature activation. For tox = 2.2 nm the transition from no temperature
activation to temperature activation is observed between VG,str = −2.00V and VG,str = −2.25V for
T = 175 ◦C. For the thickest oxides used in this study, tox = 5.0 nm, the applied stress fields are
too small to lead to a meaningful degradation2. Therefore no objective statement can be made on
temperature activation concerning the here presented devices with tox = 5.0 nm .

However, the experiments performed on devices with smaller oxide thicknesses support thermally
activated tunneling mechanism [98] rather than elastic (and thus temperature-independent) hole
tunneling [94].

6.4 Power-Law Stress Behavior

In contrast to Chapter 6.3, where the degradation of the drain current is directly fit by (6.1), the
drain current is now first converted to an approximate threshold voltage shift using the simple OTF1
relation derived in Appendix A.1

ΔVTH(tstr/t0,ref) ≈
ID(tstr) − ID(t0,ref)

ID(t0,ref)
(VG − VTH,0) (6.2)

=
ΔID(tstr)

ID(t0,ref)
(VG − VTH,0). (6.3)

Note that ID,0 is obtained at stress-level with a delay t0,ref and is thus not equal to ID(0) [40],
resulting in an offset of the relative degradation. Also, the conversion (6.3) ignores any potential
degradation in the mobility and is thus affected by an as-of-yet unknown error [41, 108]. The
threshold voltage is extracted at ID = 70nA · W/L, which yields VTH ≈ −0.3V. Then ΔVTH is fit
by

ΔVTH(tstr/t0,ref) ≈ B log 10(tstr/t0,ref) + C. (6.4)

In order to circumvent issues with the logarithmic fit caused by offset data due to the uncertainty
in ID,0, the parameter C is included. Besides, it is tried to fit the data to a power-law of the form

ΔVTH(tstr/t0,ref) ≈ A (tstr/t0,ref)
n + D. (6.5)

Again, the parameter D is introduced to account for the offset in ID,0.
Interestingly, it turns out that the logarithmic fit (6.4) is always possible, while the power-law

fit (6.5) produces reasonable results for high temperatures and high VG,str only. In that high-stress
regime, power-law exponents around 0.04 are obtained. For weaker stresses, the exponent n in (6.5)
tends towards zero, which corresponds to a first-order Taylor expansion of (6.5) on a logarithmic
scale. As such, in this regime the power-law fit (6.5) becomes equivalent to the logarithmic fit (6.4).

This behavior is illustrated in Fig. 6.8 (top). The data obtained from the harshest stress con-
ditions (VG,str = 2.50V, T = 175 ◦C, and tox = 1.8 nm) gives a stable fit with n = 0.041. For the
other extreme case (VG,str = 1.75V, T = 25 ◦C, and tox = 1.8 nm) the fitting algorithm gives an ex-
ponent n of practically zero. For the case of the non-converging exponent n the logarithmic and
power-law fits coincide.

2To account for that the degradation should better be refered to the oxide electric field (VG,str − VTH)/tox instead
of the stress voltage.
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Consequently, the power-law fit only makes sense for high temperatures and/or high VG,str, as
displayed in Fig. 6.8 (center and bottom right). There, the extracted n ≈ 0.04 for short-term stress
is roughly one third of the often reported n ≈ 0.12 of the long-term behavior.

6.5 Relaxation Behavior

For relaxation, based on the assumption of full recovery after each stress/relaxation cycle,
ID0,rel = ID(tP) is chosen with tP being the pulse period, and implying ΔID(tP) = 0. There-
fore ID0,rel is independent of ǫ, whereas ID0,str = ID(t0,ref) depends on the ǫ used. Note that due to
record length constraints of the DSO, not the entire relaxation characteristic up to tP is recorded,
but only the initial relaxation up to around three to four times tstr. The point t = tP nevertheless
is available in the pre-trigger data of the DSO.
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Figure 6.9: Comparison of the fast-VTH measurement and the fast pulsed ID(VG)-method both developed by
Reisinger [12]. Left: Depending on the relative epsilon criterion ǫrel, more or less points are con-
sidered for the relaxation curves leading to different initial slopes. While ǫrel = 0.003 results in an
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tions using the two different measurement techniques. However, comparable conditions are plotted in
the same color to show the quite good agreement of both techniques.

Data extraction turns out to be extremely sensitive to the choice of ǫ, indicating that the settling
time of VG plays a crucial role in OTF experiments. To demonstrate this fact, Fig. 6.9 (left) shows
relaxation after tstr = 1ms for different values of ǫ. If the criterion is too conservative, i.e. ǫ is chosen
small, thereby cutting off the initial relaxation phase, the shape of the relaxation characteristics is
significantly altered. On the other hand, too large values of ǫ, i.e. too liberal limits for gate voltage
settling, may produce spurious relaxation transients. In other words, with different ǫrel values more
or less points are considered for the relaxation curves leading to different initial slopes. The ‘real’
initial data, as seen in Fig. 6.9, then becomes artificially dispersed when too many data points are
cut off (small ǫ).

Assuming the relaxation follows log(trel/t0) as indicated by the red curve in Fig. 6.9, and setting
the starting point of the extracted relaxation to later times (through smaller ǫ) gives a dependence of
log((trel+Δt)/t0), which produces the artificial plateaus seen with the blue curves in the figure. This
may lead to the wrong conclusion that the time constants are smaller than they actually are. Possibly
the saturation towards smaller relaxation times found in [42,102,107] could be explained that way,
i.e. the plateaus observed are not a feature of NBTI relaxation but an artifact due to finite settling
times and synchronization inaccuracies, in turn invalidating the assertion that a measurement delay
in the micro-second regime is sufficient to correctly capture the relaxation characteristics of NBTI.
Besides, though an ǫrel of 0.025 seems to be quite large, the resulting VG only lies within 7.5mV of
the settled VG,rel. Therefore these values well account for the relaxation region.
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6.6 Fast Ramp versus Fast-VTH-Method

The previously discussed epsilon criterion in addition to the demonstrated full recovery after each
stress pulse enables back extrapolation to the very beginning of the relaxation phase of the fast
pulsed ID(VG)-method. For tstr = 1ms this method and the fast-VTH method are compared including
different voltages and temperatures. It has to be mentioned that the temperature dependence of
VTH,0 was not exactly measured, and hence is missing for the precise ΔVTH extraction and that in
addition mobility changes with temperature have been neglected. However, the results shown in
Fig. 6.9 (right) still show good qualitative agreement of both measurement techniques.

6.7 Conclusions

Ultra-fast short-time NBTI stress and relaxation measurements from the µs to the seconds regime
using different temperatures, stress voltages, and oxide thicknesses have been performed. A large
dataset is examined here using well defined extraction parameters (t0,ref , tskip, and ǫ). Amongst
them the reference time t0,ref is identified as the most crucial one. It can be seen that depending
on the range used for the data extraction (ǫ) the reference time t0,ref is also changed. While a
settled gate pulse, i.e. a small ǫ, does not contain the full degradation and relaxation data and
may therefore indicate a wrong distribution of time constants, too broad limits of ǫrel may produce
spurious relaxation transients due to a limited resolution of smaller than 1µs. Comparing the
different gate voltage criteria taken for the OTF routine yields that choosing a rather large ǫrel

reflects the completely different fast-VTH measurement method best.
In the initial degradation phase, which is often explained by elastic hole trapping, the data can be

well fit by a logarithmic time dependence [12,15,42]. As this log-dependence is considerably distorted
during long-term measurements, alternatively a power-law using an exponent considerably smaller
(n ≈ 0.04) than generally observed during long-time stress (n ≈ 0.12) can be used. However, the
main disadvantage of the power-law is that the fit is ill defined for up to medium stress conditions.
Only high temperatures and/or high VG,str show the aforementioned small n.

Moreover, the extracted activation energy of about 0.1 eV is compatible with the values typically
obtained during long-time stress [106]. The temperature and voltage dependencies of stress and
relaxation rule out elastic and thus temperature-independent hole tunneling as being responsible
for short-time NBTI degradation as proposed by [94,104]. A possible explanation could involve an
inelastic tunneling process [98].
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Relaxation of Negative/Positive BTI

As the time constant distribution of the microscopic defects behind BTI turn out to be a key issue,
the apparent differences in relaxation behavior of negative and positive BTI (NBTI and PBTI) on
pMOSFETs, as depicted in Fig. 7.1, are now examined under that perspective.

Although PBTI on pMOSFETs is not regarded as technologically important as NBTI, it provides
a valuable probe of the underlying physical degradation mechanism. The most intriguing observation
is that both negative and positive bias stress create positive charges in the oxide [30], which was
already demonstrated in Chapter 4.2. However, so far the NBTI and PBTI stress conditions were
only compared in a qualitative way, i.e. strong inversion was usually opposed to strong accumulation
with undetermined specifications concerning the exact gate voltages or oxide electric fields applied.
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Figure 7.1: While after short stress the relaxation does not show significant differences except slightly varying slopes,
the distinct relaxation behavior after NBTI and PBTI is obvious when monitoring the long-term relaxa-
tion tail after the last stress sequence. The stress time is increased in steps of one decade with the only
exception at 50 ks. Note that degradation data obtained with equal absolute values of the oxide electric
field are compared here.
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Figure 7.2: For comparing NBTI and PBTI one
has to apply proper opposite fields.
This is accomplished by measuring the
C(V )-characteristics. Larger area de-
vices with a W/L = 20 µm/20 µm
have to be used to get satisfactory
signal-to-noise ratios. The three ox-
ide thicknesses are 1.8 nm (Top Left),
2.2 nm (Top Right), and 5.0 nm
(Bottom Left). Though the oxide is
slightly nitrided (6%), the ǫr of SiO2

was used to calculate the oxide electric
fields Eox, using a flatband voltage of
0.7 V. The capacitance of the limiting
case of an ideal parallel plate capaci-
tor of the same thickness is plotted for
comparison.

For a quantitative analysis of the recovery following NBTI and PBTI stress, long stress times
tstr between 100 s and 100 ks are essential. The same technology (6%-SiON-pMOSFET) as used
in Chapter 6 was compared by the fast-VTH method of [15] using three different oxide thicknesses
(tox = 1.8 nm, 2.2 nm, and 5.0 nm) and the corresponding geometries of W/L = 20µm/0.12µm,
20µm/0.12µm, and 20µm/0.24µm at a constant temperature of 125 ◦C. Depending on the oxide
thickness the same applied stress voltage causes a totally different oxide electric field. This is due to
capacity of the MOSFET with its principle already explained in Chapter 2.6. The resulting electric
field at the surface of the semiconductor Es can be experimentally estimated by using the following
relation:

Es(V ) =
1

ǫrǫ0WL

� V

Vfb

C(V ′)dV ′ (7.1)

where C(V ) denotes the capacity of the MOSFET, Vfb the flatband voltage, and W and L the
width and length of the device. The C(V )-characteristics and the corresponding electric field are
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(Eox = ±6MV/cm and tstr = 100 s) a logarithmic fit of the relaxation is possible, this is not the case
for the other heavier stress conditions.

shown in Fig. 7.2 for the different device geometries with a constant flatband voltage of 0.7V.
From this figure it can further be seen that in addition to the nonzero flatband voltage the electric
field during NBTI and PBTI is not symmetric. To create comparable degradation conditions (not
comparable degradation shifts) for both NBTI and PBTI, the same effective field is of interest, i.e.
the same magnitude, but opposite sign. Based on the experimental C(V )-characteristics in Fig. 7.2
the required stress voltage VG,str can be obtained for both NBTI and PBTI. As an example, to
achieve an Eox = ±6MV/cm for tox = 2.2 nm gate voltages of +2.65V for PBTI and −2.05V for
NBTI have to be applied.

7.1 Raw Measurement Results

Though only the very last relaxation curves of the MSM-sequence are depicted for various oxide
electric fields Eox in Fig. 7.3, with the corresponding VG,str values obtained from Fig. 7.2, the
following similarities of NBTI and PBTI can be summarized: (i) The VTH-shift is always negative,
apparently due to positive charge build-up during stress. (ii) Up to medium stresses the degradation
also recovers in a similar fashion. (iii) Both NBTI and PBTI show nearly perfect logarithmic
relaxation when stressed up to ±6.5MV/cm for 100 ks, yielding a constant recovery rate per decade.

However, there are two main differences between NBTI and PBTI stress and recovery: (i) The
degradation during PBTI stress is about a factor two smaller than that built up during NBTI. (ii)
Deviations are found when comparing the two cases of low field (Eox = ±6MV/cm) versus high
field (Eox = ±8MV/cm), which is emphasized in Fig. 7.3. For NBTI it appears that the strong
relaxation in the initial phase ranging from 1µs to about 100ms slows down to finally saturate.
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The saturation level was already defined as permanent component (in contrast to the recoverable
component) [29, 30]. After [110] this permanent component follows a power-law. In contrast, for
high-field PBTI stress the recovery is first delayed and then pronounced. The relaxation curve here
has an S-shape, which is observed for the first time, because it is obviously only visible for long
relaxation times.

7.2 Schematic Recovery Behavior

The question arises whether this different recovery shapes are due to an artifact again (cf. Chap-
ter 6.5) or not. Therefore, the key findings are presented first. Given that aid it is possible to
discuss the experimental results afterwards.

Let us assume a recovery trace that shows both features, early as well as delayed recovery. Con-
sidering the assumptions that no recovery is missed in the beginning and no additional negative
charges are created at the same time till the total charges are released again yields the complete re-
covery trace after BTI stress, schematically depicted in the top left of Fig. 7.4. Unfortunately the full
features of the recovery after typical BTI stress are rarely visible, cf. the curve of Eox = −8MV/cm
and tstr = 100 s in Fig. 7.3, as often only a part of the S-shaped recovery characteristic can be
recorded by the experiment.

While for PBTI only the upper section of the whole relaxation curve is visible, it is the lower
section for NBTI. Within these sections the curvature marks the transition between the initial
and the late phase of the recovery respectively. By using this curvature to detect a change of the
relaxation the recovery following PBTI versus NBTI stress is now analyzed in more detail.

7.3 Extraction Routine

The determination of the curvature following bias temperature stress is displayed in the left of
Fig. 7.5. First, each relaxation of VTH is referred to its initial VTH,0 and is plotted as ΔVTH as a
function of log(t). The first decades as well as the last decade in time are used to fit the experimental
data with a logarithm of the form a + b log(t), giving the initial and long term recovery behavior.
Eventually, the intersection of the two fits results in the “kink points” τA and τB. While τA is used
to describe the initial recovery phase generally observed after PBTI, τB is used for the long term
recovery as observed after NBTI. These two cases are depicted in the right of Fig. 7.4. However, the
kink-point-method does not work properly with too similar logarithmic prefactors b1 and b2 due to
glancing intersection, compare Eox = ±6MV/cm and tstr = 100 s in Fig. 7.5 (left). For the already
discussed complete recovery trace with its S-shape, the first and second fit become nearly parallel
resulting in an undetermined kink point.

7.4 Discussion of the Experimental Output

Before the previously described extraction routine is applied on the experimental output of various
oxide thicknesses, the origin of the curvature is described schematically for the 1.8 nm thick oxides
first. On the basis of Fig. 7.5 (left) each relaxation curve apparently contains two contributions,
one depending on the stress time tstr and one depending on the oxide electric field Eox.
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Figure 7.4: A schematic recovery trace after bias temperature stress is shown as solid line. Top Left: The full
S-shape is only observable under certain conditions, e.g. Eox = −8MV/cm and tstr = 100 s. For longer
tstr the whole curve is shifted to higher trel. PBTI mainly shows the characteristics in the top left (red)
box, whereas the behavior after NBTI stress typically proceeds as shown in the bottom right (green)
box. Within these sections τA and τB depend on the curvatures and mark the transition between the
initial and the concluding phase of the recovery. Bottom Left: In combination with the oxide electric
field dependence, the behavior of PBTI and NBTI can be obtained by scaling with τA and τB. Top

Right: Increasing stress conditions (tstr and/or Eox) for PBTI yield smaller relaxation rates per decade
at earlier trel/τA, followed by larger relaxation rates afterwards. When extending the observation period
towards larger trel/τA, the transition back to smaller relaxation rates becomes visible. Bottom Right:
Increased stress conditions after NBTI feature increased relaxation up to τB. Extending the observation
period towards smaller trel/τB after NBTI stress is often not possible due to the limited measurement
speed.

7.4.1 Stress Time Component

First, the position of the curvature is characterized by τA for PBTI and τB for NBTI after Fig. 7.4.
τA and τB obviously depend on the stress conditions, which is displayed in Fig. 7.5 (right) in more
detail. The longer the device is stressed for equal Eox, the later the kink occurs. Interestingly the
kink-time normalized to the stress time tstr is roughly a constant, indicating a connection between
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Figure 7.5: Left: The relaxation behavior starts to deviate from the logarithmic shape at harsher stress conditions.
By fitting the beginning and the end of the recovery traces separately, a kink point τA or τB at the
extrapolated intersection of the fits can be obtained, which characterizes the curvature. Comparing kink
points of the same electric field and oxide thickness for different stress times (connected by dotted lines)
shows that this curvature is stronger at longer stress times and delayed with time. Right: As already
shown by the dotted lines in the left of Fig. 7.5, a longer stress increases the kink time τA for PBTI or
τB for NBTI. Scaling τA or τB to tstr reveals a proportionality of the kink time and tstr. The extraction
does not work properly with two kinks at τA and τB or without a kink, due to the glancing intersection
of the fits, resulting in an ambiguous kink point. The positions for these special cases at tstr = 100 s are
indicated by dotted lines.

tstr and the recovery behavior (cf. the universal recovery in Chapter 4.1). This is also schematically
shown in Fig. 7.4, where increasing tstr shifts the relaxation curve towards larger trel.

7.4.2 Oxide Electric Field Component

To be able to discuss the effect of Eox on the relaxation we again refer to Fig. 7.5 (left). When
comparing the devices stressed for 1 ks with 6MV/cm and 8MV/cm, τA has approximately the same
value, but the relative relaxation with respect to its very different ΔVTH,0 changes as depicted in
Fig. 7.4 (bottom left). With a raise in the oxide electric field the recovery sets in late, but proceeds
faster. This effect is now explored by specifying the slopes of the first (b1) and second (b2) logarithm,
i.e. the short-term and long-term relaxation behavior.

7.5 Short-Term and Long-Term Relaxation

As illustrated in Fig. 7.6 (left) the initial relaxation rate b1 after NBTI stress is higher than its PBTI
counterpart. For NBTI b1 increases with increasing Eox, while for PBTI b1 only slightly increases
with increasing Eox. Due to also higher ΔVTH,0 at the beginning of the relaxation with higher Eox,
the effect even results in lower relative recovery per decade with higher Eox. Furthermore, for PBTI
b1 decreases with increasing tstr because of the higher contributing permanent part.
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Figure 7.6: The slopes of the first (b1) and second (b2) logarithm are plotted over tstr as a function of the device
thickness tox and its oxide electric field Eox. Left: The slope b1 of NBTI stress is higher than that
resulting from PBTI stress, and decreases with tstr as shown by the solid lines. The dashed line denotes
the boundary between NBTI and PBTI. The initial relaxation slopes b1 increase from 0.196 (PBTI) to
4.35 (NBTI), which is a factor of more than 20. This demonstrates the different initial relaxation behavior
following NBTI and PBTI stress. Right: The slope b2 for the long-term characteristics increases with
tstr and Eox and clearly reflects the increased relaxation after PBTI stress with values ranging from
0.53 (NBTI) to 5.99 (PBTI). Combining this fact and recalling that PBTI does practically not recover
during the first few seconds supports the assumption that the performed kind of stress condition already
constitutes the short-term and long-term relaxation.

In contrast, the long-term relaxation b2 increases with tstr and Eox, which clearly shows enhanced
relaxation after PBTI stress, but lower relaxation after NBTI compared to the corresponding b1.
All these results support the trends schematically shown in Fig. 7.4.

7.5.1 Entire Relaxation

Interestingly, when the ratio b2/b1 of each relaxation curve is plotted over the stress time, the
resulting curves are ranked according to their electric field during the stress. In Fig. 7.7 (left)
equal Eox conditions at various tstr values are connected for better visibility and are separated by
dotted lines for different electric fields. Different Eox values ranging from NBTI with −8MV/cm
up to PBTI with +8MV/cm result in gradually increasing b2/b1, despite some minor deviations for
different device thicknesses. Samples stressed with NBTI feature a b2/b1 smaller or equal to 1 due
to only a small kink or no kink at all, while on the other hand PBTI stress, shows ratios from 1 up
to 20.

Hence, the ratio b2/b1 gives a measure of the symmetricity of the relaxation curve. The ratio
indicates which section of the relaxation transient the original experiment recorded. If b2/b1 < 1,
the experiment probed the second half of the S-shape, i.e. the long-term relaxation, which is usually
the case after NBTI. For b2/b1 ≈ 1, the “main” part of the relaxation was monitored and both the
initial as well as the late relaxation phase contribute to the total recovery to about the same degree.
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Figure 7.7: Left: The ratio b2/b1 increases with increasing tstr and Eox ranging from NBTI with −8MV/cm up
to PBTI with +8MV/cm. NBTI-stressed samples with a negative kink feature a ratio smaller or equal
to 1, whereas PBTI-stressed ones possess values from 1 up to 20. Higher ratios are restricted by the
maximum allowed electric field Eox before the oxide breaks down. Right: Using only a single slope for
the recovery characterization obviously eliminates the visible effect of Eox. Hence, the geometric mean
of b1 and b2 is nearly constant for all analyzed devices despite its weak tstr-dependence. This implies
that the evaluation of a single slope is not valid for heavier stress conditions because of the asymmetric
and limited observation period.

Modeling the recovery with a single slope, which would then be approximately equal to the
geometric mean of b1 and b2, clearly obscures the fact that the oxide electric field has an impact not
only on the slope, but on the shape of the recovery as well. As depicted in Fig. 7.7 (right), with a
mean recovery it is thus only possible to distinguish between the tstr. Moreover, the geometric mean
requires symmetricity of the recovery trace, which is only given under moderate stress conditions.

7.5.2 Change in ΔVTH

Another possibility to evaluate the kink in the recovery characteristics is to determine the slope
dΔVTH/d log(trel) of the relaxation curve at each point of trel. This is achieved via linear regression
using multiple points of ΔVTH around trel to obtain the change in its central point ΔVTH(trel). Due
to the apparent noise, a multiple-point regression is indispensable; a number of 20, 40, and 80 data
points is used for each trel. Thereby even very small changes in ΔVTH are able to be identified, as
illustrated in Fig. 7.8, where the last relaxation curve of a noisy and a less noisy device is depicted.
In this figure the linear regression performed with 40 data points around each trel yields small steps
where the slope of ΔVTH suddenly jumps. This issue will be discussed under the aspect of emission
times τe of certain defects [112] in the next section, where changes of the recovery behavior with
varying Eox and tstr are due to a change in the emission time rates of the defects [100,111,113–115].

Note that using even more than 80 data points around each trel for the linear regression would
even better suppress the noise but on the other hand side would disturb important information at
the beginning and at the end of the ΔVTH-curve. Fortunately, the region of interest (around the
kink point) lies in the center of a ΔVTH-curve.
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Figure 7.8: The derivative of ΔVTH identifies even very small changes in ΔVTH. To suppress the noise multiple points
(20, 40, 80) are used to determine the slope dΔVTH/d log(trel) via linear regression. This is labeled by
LR20, LR40, and LR80 above. Using linear regression with more points on the one side smoothes the
derivative but on the other hand side removes information at the beginning and at the end of the ΔVTH-
curve. This drawback vanishes in the area of interest, around the kink-point. Left: For noisy data the
slope (LR40) suddenly jumps around trel = 1 s, 12 s, and 170 s, which is marked by circles. Publications
dealing with emission time constants of certain defects provide further information [100,111,112]. Right:
For a thinner device the data is less noisy and the times where the slope changes step-like are more
evident, cf. trelax = 1 s and 10 s.

7.6 Emission Time Constants

The degraded VTH in small-area transistors with only a few defects relaxes in discrete steps. Each
step reveals a hole emission event at the emission time τe,i = τ0 exp(EA,i/kBT ) of a particular
defect [112, 115]. Larger devices contain a larger number of defects, which in combination with
a nearly uniform distribution of the activation energies EA,i yields a log-like recovery behavior as
displayed in the top of Fig. 7.9. As there are many different pairs of τc,i and τe,i within the device,
their extraction from the experimental data is discussed first.

By subtracting two recovery traces after stress times ts,i and ts,i+1, the fraction of defects with
capture time constants with ts,i < τc < ts,i+1 is determined first [116], which is shown in Fig. 7.10. By
dividing the difference trace into intervals [tr,i, tr,i+1], the fraction of defects having ts,i < τc < ts,i+1

and tr,i < τe < tr,i+1 is obtained.

To be able to describe the frequency of occurrence of capture time constants τc and emission
time constants τe properly, a large set of long recovery traces with varying tstr is needed. The
experiments performed cover τc from 10−6 s up to 104 s and τe intervals between 10−6 s and 103 s.
This allows for an extraction of the time constants as exemplarily depicted in the bottom of Fig. 7.9.

It is now possible to explain the above mentioned effect with the varying oxide electric field
on the basis of Fig. 7.11, where the fraction of ΔVTH due to defects with τc and τe is plotted as
smoothed surface over τc and τe.

For NBTI with an Eox of −6MV/cm the surface shows two peaks. One peak covers τc and
τe smaller than 1µs, while the other more pronounced one clearly illustrates that the largest part
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after BTI exhibits discrete jumps. Enlarging the area (more defects) and assuming a uniform distribution
of them adds up to a log(t) behavior, instead. Bottom: Map of time constants of capture and emission
split into decades of time.

of the degradation was due to defects with τc larger than 1 s, which is highlighted by the contour
lines below the graph. When comparing the different Eox for PBTI for τc covering time constants
between 102 s and 103 s, the peak of 6MV/cm mainly consists of τe > 10 s, while it is widened for
8MV/cm towards smaller τe. This supports the hypothesis of decreased τe for higher Eox after
PBTI stress, which appears as faster long-term recovery.
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Figure 7.10: Evaluation of the shift between two relaxation curves after stress times ts,i and ts,i+1 yields the fraction
of defects with capture time constants with ts,i < τc < ts,i+1 These ranges of capture time constants of
certain defects are depicted as function of trel. The contour lines below the three graphs emphasize the
amount of defects contributing to ΔVTH. For NBTI with an Eox of −6MV/cm, the characteristics of
trel are not changed with increasing τc, despite some shift along the positive ΔVTH-axis. The maximum
ΔVTH values for all τc-ranges are obtained for small values of trel. This implies fast relaxation. On the
contrary, PBTI (6MV/cm) yields a larger degradation and additionally moves the characteristics of trel
towards increasing τc. For the largest available τc, which covers time constants between 103 s and 104 s,
the maximum of ΔVTH is moved away from the minimum trel. This maximum marks the beginning
of the change of emission time constants τe depicted in Fig. 7.11 and is even more pronounced for
8 MV/cm.
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Figure 7.11: The fraction of defects having ts,i < τc < ts,i+1 and tr,i < τe < tr,i+1 is depicted for three different
oxide electric fields. The contour lines below the graphs highlight the biggest changes of ΔVTH. Both
surface and contour lines are smoothed for a better visualization. It is shown that the oxide electric
field is related to the magnitude of τe. Increasing Eox yields a shift of the peak towards smaller τe,
which corresponds to our monitored increased recovery at larger trel. Note that only for 6MV/cm a
full set of τc and τe is available and therefore the map has to be truncated in order to be comparable
with the case 8MV/cm.
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7.7 Conclusions

The relaxation behavior of stressed pMOSFETs depends on the oxide electric field and stress time
of the performed stress. Especially when dealing with PBTI, the harsher the conditions of stress
the later the device starts to relax significantly. By using the limited observation period for NBTI
and PBTI as part of the full recovery shape the experimental findings can be explained. The full
features of the recovery curve can only be identified after moderate BTI stress, where the relaxation
after a certain time accelerates, and slows down again later. Furthermore, deeper analysis of the
relaxation characteristics provides information on the distribution of capture and emission times of
the defects assumed responsible for BTI. For the case of the PBTI measurements presented in this
chapter, especially the distribution of emission time constants depends on the applied oxide electric
field during stress. A higher oxide electric field shifts and broadens this distribution. This change
in the distribution shows that with a deeper understanding of single capture and emission times it
might be possible to reveal the actual origin of the BTI phenomenon.

A method for the detection of the change of a real single defect state, e.g. an electron emission,
was already reported by Karwath et al. more than 20 years ago. They used the deep level transient
spectroscopy (DLTS)1 to observe the emission times of single isolated defects in small-area MOS-
FETs by step-like current transients [118]. Such a step-like behavior at the emission time of a defect
is also obtained by the time dependent defect spectroscopy (TDDS) [111, 115]. Here small devices
are repeatedly stressed (100 times or more) and the averaged relaxation curve is then monitored
showing the discharging behavior of the single defects. In order to be able to determine the different
capture times of the defects, different stress pulses have to be applied [12]. When a large number of
stress and relaxation sequences are collected on a map, the emission times can be obtained. These
maps are similar to those presented in this chapter [112, 114, 116]. The major difference lies in the
size of the investigated samples. In larger MOSFETs the averaging of the relaxation curves is nei-
ther necessary nor reasonable, because already inherent due the large number of defects present
there [115]. Although the superposition of many defects is not yet fully understood, it was shown
in [116] that the discrete step-like recovery observed in small (narrow) devices is indeed compara-
ble with the nearly continous recovery behavior obtained for large (wide) devices. The averaging
of many small devices also yields a log-like behavior, giving a very strong hint that the underlying
mechanism is the same.

1This technique was originally developed by Lang [117] to characterize the spectrum of traps regarding their energy
and concentration.
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Chapter 8

Latest Modeling Attempts - Hole
Trapping

In Chapter 3 it was tried to explain BTI by using either the diffusion of hydrogen or a dispersive
bond breaking mechanism. In both cases interface states are involved. Unfortunately, the theoretical
and experimental analysis of the on-the-fly interface traps (OFIT) technique presented in the last
chapter revealed that the aberrations leading to the assumption of fast interface state stress and
recovery are due to an artifact of the measurement routine. Since the recovery of BTI, especially
its short-term behavior, is not explicable with interface states only, hole trapping models have been
added [40, 69, 119, 120]. Today the BTI community does still not agree on how holes contribute
in detail. The earliest hole modeling attempts date back to the 1950s, where McWhorter used
hole trapping to describe 1/f -noise at germanium surfaces [121]. More precisely, 1/f -noise was
considered as oscillations of the trap occupancy of individual defects caused by capture and emission
of carriers. McWhorter’s attempt is based on the Shockley-Read-Hall (SRH) theory which was
originally developed to model the recombination of bulk defects with an energy ET inside the
bandgap [122]. He extended this theory to also model oxide defects, which feature a trap level
within the semiconductor bandgap. The local depth of the oxide defect xT, measured from the
interface, enters the model as a tunneling WKB factor exp(−xT/x0), where x0 acts as scaling
factor.

When assuming a defect at ET capturing a hole from the reservoir in the substrate, e.g. from Ev,
the hole does not have to surmount a barrier because of ET > Ev. For the opposite process, namely
the hole emission from the defect, the transition probability is reduced by the Boltzmann factor
exp(−β(ET −Ev)). However, the application of this approach to a defect level ET < Ev, which can
be assumed for oxide defects, makes the above Boltzmann factor larger than unity in the simplest
picture. The hole emission barrier rather vanishes in the case of ET < Ev. In turn the corresponding
capture process is now affected by an additional Boltzmann factor exp(−β(Ev − ET)) [123]. The
hole capture cp and emission ep barriers for both kinds of defect, leveling above Ev for the simple
SRH and below Ev for the extended SRH, are all depicted in Fig. 8.1 (left).

When an additional oxide electric field Fox is present, the defect level is shifted with respect
to Ev. Since the barrier EvT = Ev − ET − q0xTFox is linearly dependent on Fox, the defect may
now effectively lie below or above Ev, cf. Fig. 8.1 (right). Unfortunately, the McWhorter model was
originally developed for 1/f -noise in thick oxides and not designed to explain the strong temperature
and bias dependence observed during BTI stress in modern devices with oxide thicknesses of only
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Figure 8.1: Band diagram including a single defect in the oxide. Left: Depending on whether the defect level ET

lies above or below the valence band edge Ev, different barriers are obtained. For the characterization
of Ec > ET > Ev the original SRH picture is used, while for defects with ET < Ev an extension is
necessary. Right: Applying an additional oxide electric field Fox respective to a reference of Fox,ref

shifts the defect level because ET has to be kept constant within the bandgap. Moreover, the further
away from the interface, the more ET is affected, cf. the oxide bandedges changing from dashed to solid.

a few nanometers, e.g. 2 − 3 nm. In such devices the McWhorter model only gives time constants
smaller than a millisecond, which contradicts the measurement results [55].

About thirty years later Kirton and Uren used a modified McWhorter model to explain their
random telegraph noise or signal (RTN/RTS) measurements, which characterize the change in the
drain current of small-area MOSFETs as a function of time. The times where the signal randomly
jumps into the high- and low-current were identified to be Poisson distributed around the expectation
value of the capture τc and emission τe time constants of individual defects respectively. To link this
capture and emission kinetics to the observed 1/f -spectra, Kirton and Uren proposed the existance
of many defects with uniformly distributed time constants on a log scale ranging from milliseconds
to days [124]. Since they expected a multi-phonon emission (MPE) process to be responsible for
their experimental findings, they added a thermal barrier ΔEB to the existing SRH model [125–128].
This approach will be continued in the next chapter, where a mathematical description is presented.

8.1 Rate Equations

Based on the existence of oxide defects and the band-to-trap transition possibilities, depicted in
Fig. 8.1, already a single defect system has to consider all transitions originating from various band
states. This means that the whole conduction or valence band has to be considered, instead of only
Ec or Ev. On the basis of the statistical description of the recombination of electrons and holes
under the release of energy in terms of lattice vibrations (Shockley-Read-Hall theory [122]), the
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Figure 8.2: Left: The rate equations are described on basis of multiple traps in an oxide, charge carriers in an
n-substrate, and the corresponding capture and emission coefficients. Right: The transition barriers of
a hole capture and an electron emission process are equivalent and consist of the trap energy difference
according to the state in the substrate ΔET and an additional barrier ΔEB.

determination of effective rates in and out of a specific defect system is possible. The corresponding
rate equations are

∂tfT =

� ∞

Ec

[(1 − fT) fFD(E)cn(E) − fT (1 − fFD(E)) en(E)] Dc(E)dE (8.1)

=

� Ev

−∞
[(1 − fT) fFD(E)ep(E) − fT (1 − fFD(E)) cp(E)] Dv(E)dE, (8.2)

with the trap occupancy in the oxide fT and the Fermi-Dirac distribution fFD, which represents
the probability of an occupied quantum state in the substrate. Since the Fermi-Dirac distribu-
tion is valid in thermal equilibrium and still a very good approximation during BTI, as there is
nearly no channel current [129, 130], the distributions write as fFD = (1 + exp(β(E − Ef)))

−1 and
fT = (1 + exp(β(ET − Ef)))

−1. The quantities cn, en, ep, and cp stand for the coefficients of elec-
tron capture, electron emission, hole emission, and hole capture. The density of states (DOS) is
split into a conduction band part Dc and a valence band part Dv.

Assuming detailed balance [122], which means that each process is balanced by its reverse
process, both rates have to equal within (8.1) and (8.2). This yields

en(E)

cn(E)
=

cp(E)

ep(E)
= eβ(ET−E). (8.3)
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Combining (8.3) with (8.2)1 and evaluating the integral finally gives the capture time constant τc,p

of the holes

∂tfT =

� Ev

−∞

�
(1 − fT) fFD(E)

ep(E)

cp(E)
− fT (1 − fFD(E))

�
cp(E)Dv(E)dE

=
	
(1 − fT) e−β(E−Ef)e−β(ET−E) − fT


 � Ev

−∞
(1 − fFD(E)) cp(E)Dv(E)dE

=
	
(1 − fT) eβ(Ef−ET) − fT



σpvth,pp, (8.4)

with the cross section σp and thermal velocity vth,p of the holes with density p. The term outside
the brackets can be identified as the capture rate, which can be seen when (8.4) is compared to the
simple rate equation of a two-state defect

∂tfT = (1 − pT(t))kf − pT(t)kr (8.5)

with the rate kf to fill the defect at ET and kr for the reverse rate. Furthermore, pT gives the
probability that the defect is actually filled. Consequently, the capture and emission rates can be
written as

kc,p = 1/τc,p = σpvth,pp (8.6)

ke,p = 1/τe,p = σpvth,ppeβ(Ef−ET) (8.7)

or as the relation
1

τe,p
= eβ(Ef−ET) 1

τc,p
.

In addition to a tunneling coefficient of exp(−xT/x0) to account for the oxide trap depth after [121],
the cross section is considered to be thermally activated with a bias independent barrier ΔEB [124].
Putting these assumptions together yields

σp = σp,0e
−xT/x0e−βΔEB , (8.8)

with a constant prefactor σp,0 [124, 131]. With the knowledge that whether the defect level lies
below or above Ev, different barriers are obtained after Fig. 8.1, equations (8.6) to (8.8) are now
used to calculate the capture rates

1/τc,p = σp,0vth,pp e−xT/x0e−βΔEB

�
e−β(Ev−ET) ET < Ev

1 ET > Ev

(8.9)

1/τe,p = σp,0vth,pp e−xT/x0e−βΔEB

�
e−β(Ev−Ef) ET < Ev

e−β(ET−Ef) ET > Ev.
(8.10)

As thermal equilibrium is assumed and the density of states is low enough to rule out quantum
effects, the Fermi-Dirac-distribution can be replaced by the Maxwell–Boltzmann-distribution [10]

p ≈ pMB = Nve
−β(Ef−Ev) (8.11)

1For this calculation the hole picture is used.
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with Nv as effective valence band weight,

Nv = 2

�
mdpkBT

2π�2

�3/2

.

The trapping barrier ΔET can further be written as a superposition of the energy distance during
flatband ΔET,0 = ET,0 − Ev,0 and the applied field Fox which changes the relative barrier between
semiconductor and oxide, cf. Fig. 8.1 (right) and Fig. 8.2 (right)

ΔET(Fox) = ET(Fox) − Ev(Fox) = ΔET,0 − q0FoxxT. (8.12)

With the help of (8.11) and (8.12) the time constants in (8.9) and (8.10) finally read as

1/τc,p ≈ σp,0vth,ppMB e−xT/x0e−βΔEB

�
eβΔET,0 e−βq0FoxxT , ET < Ev

1, ET > Ev

(8.13)

1/τe,p ≈ σp,0vth,pNv e−xT/x0e−βΔEB

�
1, ET < Ev

e−βΔET,0 eβq0FoxxT . ET > Ev

(8.14)

At first only the part of (8.13) and (8.14), which depends on the relative position of ET to Ev is
discussed. The temperature dependence here is dominated by the thermal barrier ΔET,0. While
the barrier ΔET,0 determines hole capture when ET < Ev holds, the barrier −ΔET,0 contributes
to hole emission only when ET > Ev. So the barriers are either relevant for τc,p or τe,p and do not
affect both rates. This is due to the relative position of the energetic defect level and its reservoir,
as depicted in Fig. 8.1 (left). When looking at the term exp(±βq0FoxxT), it can be seen that the
applied field either lowers or rises the barrier, but again the field dependence is only included in
either τc,p or τe,p. Additional bias dependencies arise from the surface hole concentration, especially
below VTH, and the tunneling coefficient [130].

In a typical BTI stress/relaxation sequence all defects are in thermal equilibrium prior to stress.
Due to stress the Fermi level Ef is shifted below Ev. For defects with ET < Ev the resulting barrier
ΔET,0 can only be balanced by the Fox term in (8.13). After (8.12) this means that energetically
deeper defects also need to be located deeper in the oxide in order to become charged during stress,
i.e. only defects with ET > q0ψs,str − q0Fox,strxT, where ψs,str denotes the potential at the interface,
are accessible during stress [130]. When the stress is completely removed, Ef is shifted back above
Ev and the previously charged defects will by moved back below Ef . According to (8.14) they
can be emptied over a small barrier if there is any. Thereby accessible oxide defects now feature
ET < q0ψs,rel − q0Fox,relxT during relaxation [130]. Thus, the exact defect level is not of particular
interest for the capture and emission process. ET only has to lie inside the accessible energy region,
i.e. above Ev for stress and below Ev for relaxation. This means that the conditional part of (8.13)
and (8.14) only exhibits a small temperature and field dependence.

It is important to realize that it is the thermal barrier ΔEB in (8.13) and (8.14) introduced by
Kirton and Uren, which gives the required temperature dependence, though this dependence is not
fully correct, as will be shown later. To first order, the capture τc,p and emission times τe,p of the
defects are determined by xT and EB, making another fact visible: τc,p and τe,p are correlated, while
measurement results determining these times during BTI revealed uncorrelated behavior [112,116].
This rules out the possibility of describing oxide defects by an extended SRH theory.
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Figure 8.3: Top Left: In the triple-well model the second well V2 is energetically higher than the first and the third
well and forms a transitional saddle point. Bottom Left: Upon the application of stress V2 and V3 are
energetically favored and get filled. Since the barrier between V2 and V3 is higher than between V1 and
V2 during relaxation (not shown but comparable to top left), transitions from the second well back to
the first well are fast, while the third well represents the permanent component/lock-in. Right: In the
first step (left double-well) holes are captured at a Si–H–Si bridge or an oxygen vacancy (Si–Si) via a
thermally activated process. This captured hole then triggers the release of the hydrogen atom which
creates a dangling bond (right double-well).

8.2 Elastic Hole Trapping

So far many hole trapping models have been developed to explain the experimentally observed large
time constants and the bias dependence of stress and recovery [40,69,119,120]. Such an approach,
developed in the 1990s, is used in the model of Tewksbury which uses elastic hole trapping into
preexisting traps [132]. However, the modeling by spatially distributed defect states in the oxide
is only feasible in thick oxides, as in ultra-thin oxide layers elastic tunneling gives time constants
in the millisecond regime [55] at the most. Moreover, elastic tunneling does not account for the
anticipated temperature and bias dependence needed to explain the recent experimental findings [78].
Therefore, a new approach has to be found, i.e. a probably inelastic (thermally activated tunneling)
mechanism [98,133,134].

8.3 Coupled Double-Well Model

Up to now the appearance of oxide traps and interface states was explained by independent processes
adding up as the two components which have been empirically introduced in Chapter 4, i.e. the
recoverable and the more or less permanent part of the BTI degradation. Results by Grasser et
al. indicate that their inducing processes are coupled since their effect cannot be separated by
the application of different stress voltages and stress temperatures [134]. By using the basic well-
structure of the triple-well model [77], which was already mentioned in Chapter 3.2.1 and is depicted
in Fig. 8.3 (left), a new model was introduced consisting of two weakly coupled double-wells [134], cf.
Fig. 8.3 (right). During stress holes near the interface can be first trapped to act as a precursor for
the creation of an interface state. The corresponding reactions are shown in Fig. 8.3 (right) and are
based on an oxygen vacancy and a Si–H–Si bridge, respectively [135,136]. Upon the existence of Si–H
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precursors, the second process, i.e. the release of a hydrogen atom, is assumed to be considerably
enhanced due to the weaker binding energy of Si–H, compared to that of Si–H–Si2. The resulting
dangling bonds are poorly recoverable and so account for the demanded permanent component [134].

The major improvement of the coupled double-well lies in the thermally activated hole cap-
ture process featuring a dispersive process necessary to explain the wide time scales observed in
measurements [11, 134]. Moreover, with this model it was possible to explain a huge amount of
experimental stress and relaxation data covering various temperatures, stress voltages, and even
device technologies. Unfortunately the physical nature of the coupling inbetween the double-wells
remains unclear. This is because a model explaining this coupling requires the consideration of the
microscopic behavior of defects.

8.4 Two-Stage Model

For a microscopic model describing the stress during BTI and the relaxation afterwards the oxygen
vacancy and the silicon dangling bond are the most likely candidates. The reason for choosing these
two defect configurations is that they have been frequently reported to be involved in reliability
issues. According to Lenahan silicon dangling bond defects dominate deep levels in the oxide [139].
The oxygen vacancy Si–Si has been used to explain radiation damage [140, 141] and flicker (1/f)
noise [136,142] so far.

In the models presented in [124,136,143] holes can be captured via a thermally activated multi-
phonon emission (MPE) process into states deep in energy but close to the interface, named border
traps [99, 144]. Since the MPE process, which will be elaborately explained in Appendix D, was
originally derived for bulk semiconductors [125], it cannot be directly used.

Therefore, Grasser et al. proposed a two-stage model in [98], which contains an extended MPE
process, named multi-phonon field assisted tunneling (MPFAT) process which is similar to the one
used in [126,145]: After [125,145] the probability of a thermionic transition of a hole over a barrier
ΔEB is exp(−βΔEB). When applying an oxide electric field, the transition probability is further
found to be increased by exp(F 2

ox/F
2
ox,ref), with the oxide electric field Fox and a scaling factor

Fox,ref [98]. This MPFAT process is schematically depicted in the first stage of Fig. 8.4 (state
1 → 2). From a defect point of view, the initially assumed neutral oxygen vacancy is charged
positively via hole capture. The excess energy of the defect system is subsequently released by
structural relaxation [98,146].

In this way positive E′ centers (state 2) are created which can now emit a hole and transfer
to (state 3). Being at (state 3) the neutralized defect has either the choice to capture a hole and
act as a switching trap by hopping between state 2 and 3 [147], or to fully relax back to its initial
precursor state again (state 2 → 3 → 1). Each path finally leads to (state 1). Therefore, this
stage-one describes the recoverable part of the charge trapping.

When the two-stage model is fitted to experimental data of SiO2, SiON, and high-k devices, the
strong (quadratic) voltage and (linear) temperature dependence is predicted correctly supporting
the theory of a broad distribution of energetic defects. By involving both oxide charges and interface
states contributing to BTI, the model is furthermore able to describe the asymmetric behavior during
stress and recovery and the strong bias sensitivity during recovery [98].

2This assumption may hold near the interface. In the bulk, hydrogen is actually weaker bound in Si–H–Si than in
Si–H [137,138].
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Figure 8.4: The two-stage model starts with a neutral precursor in (state 1). Upon hole capture, the Si–Si bond
breaks and a positively charged E′ center is created (state 2). Upon hole emission (electron capture) the
E′ center is neutralized (state 3). Then being in this state, there are two options. Either hole capture
again moves the defect back to (state 2), making it act as switching trap, or the defect structure totally
relaxes back to its equilibrium configuration (state 1). The transition between stage-one and stage-two
is assumed to be via hydrogen transition between state 2 and 4. The dangling bond of the switching
trap in (state 2) can capture a hydrogen atom, leaving back a dangling bond at the interface. This
passivation by the hydrogen effectively locks the defect state in the positive charge (state 4).

The coupling is established via the transition of a hydrogen atom located at the interface between
state 2 and 4. This transition is determined by the hole concentration (positive E′ centers) and by
the number of hydrogen passivated silicon dangling bonds both available at the interface, i.e. the
occupancy of (state 2). When the defect is moved from (state 2 → 4), the dangling bond of the
oxide defect becomes passivated, leaving back a Pb center [139]. Since a Pb center is a rather stable
configuration compared to the switching trap, i.e. the transition rates (state 2 ↔ 4) are larger than
the switching trap rates (state 2 ↔ 3), the positive defect is hence locked. Consequently, an increased
number of defects being in (state 2) favours the creation of permanent states. Mathematically the
transition between state 2 and 4 is modeled by thermal activation over a field-dependent barrier,
which besides the different ground states E2 and E4, and its corresponding dissociation barrier Ed

heavily depends on the applied field Fox, cf. Fig. 8.5 [98].
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Figure 8.5: The hydrogen transition between state 2 and 4 is modeled by assuming a field-dependent thermal tran-
sition over a barrier Ed [98]. Without applied electric field this results in the solid defect configuration.
When applying an electric field Fox, the barriers are altered. Consequently the transition rates are
changed by the factor exp(±βγFox) with respect to the zero-field case. Here ‘+’ holds for the transition
(2 → 4) and ‘−’ for (4 → 2), with γ being the dipole moment [62]. The transition rates are highlighted
by differently thick arrows, indicating that the transition (2 → 4) is favored, while that of (4 → 2) is
suppressed by the higher Fox.

8.5 Multi-Phonon Emission

Since E′ centers upon hole capture may undergo structural relaxation [148], a description of the
restructuring process of the concerned defect center is required. By using first-principles density
function theory (DFT), Schanovsky et al. thoroughly investigated the hole capture process of various
point defects embedded in an orthorhombic alpha-quarz supercell structure of 72 atoms [149–151].
During such a hole capture the electronic and vibrational state of the defect system change at the
same time, leading to a so-called vibronic transition. This vibronic transition can be modeled using
the Born-Oppenheimer approximation and the Franck-Condon (FC) principle [152,153]: Due to the
different masses, electrons and holes only take femto-seconds to switch their states, while defect
centers respond with a factor of 100 slower (1 · 1015 s versus 1 · 1013 s). As a consequence, the
electrons are able to immediately follow the potential of the defect centers, i.e. they are always in
equilibrium compared to the defect centers. On the contrary, the structure of the defect does not
change during an electronic transtion, which is illustrated by the vertical transition arrow between
two different electronic states Fig. 8.6 (left). In this figure the total potential energy of a defect
Etot is modeled as a quantum harmonic oscillator featuring the eigenenergy levels of the defect’s
vibronic states En = �ω(n + 1/2) with n > 1, 2, . . .. According to the Franck-Condon principle,
a change of the electronic state, i.e. when moving from one to another harmonic oscillator, at the
same time causes a change of the vibrational state and with it a change of the equilibrium position
of the defect center [141, 154, 155]. This is known as electron-phonon coupling3. Mathematically,
the vibronic transition from the electronic state 1 to state 2 can be derived from Fermi’s golden rule

k1α→2β =
2π

�
|�η2βφ2|V ′|φ1η1α�|2δ (E2β − E1α) , (8.15)

where the first index denotes the electronic state and the second index the vibrational state of the
electronic |φa� and vibrational |ηab� wave functions. After [149, 152], the matrix element of the
transition rate in (8.15) can be split into the electronic matrix element represented by a WKB tun-
neling term and the Franck-Condon overlap factor |�η2β |η1α�|2. To consider all possible transitions,
the overlap factor has to be calculated for each initial and final state combination, followed by
thermally averaging over all intial vibrational states4 and then summing over all final vibrational

3In other words, the electron-phonon coupling is the reason why the relative position of two atoms has to change
when their bond is altered by removing or adding an electron, to obtain thermal equlibrium again.

4The defect system is considered to be in thermal equilibrium before the transition.
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states [149,156]. Where the initial and the final total energies are equal [125,153,157], Dirac peaks
are obtained whose contour line is called line-shape function (LSF), which describes the broadening
of the absorption spectra. Multiplying the WKB term, which approximates the electronic matix
element, and the LSF finally yields the transition rate

k1α→2β =
2π

�
|�φ2|V ′|φ1�2

� �� �
WKB

avg
α

�
β

|�η2β |η1α�|2δ (E2β − E1α)

� �� �
LSF

. (8.16)

8.5.1 Approximation of the Vibronic Transition

Basically, the calculation of the LSF via DFT is feasible, but since the motion of a polyatomic struc-
ture, especially at T > 0, is highly complex to treat, simplifications need to be made. By limiting
the movement of the defect system to only one vibrational mode (single-mode coupling), the defect
transition can be modeled along its most dominant reaction path or coordinate [151,153]. The total
energy Etot as a function of corresponding reaction coordinates (RC) can be further approximated
by parabolic potential energy curves (PEC) [158], like schematically depicted in Fig. 8.6. Though
originally used for small distortions around the equilibrium, such an harmonic approach is also able
to model strong distortions of the defect system [126,159].

The two solid parabolic potentials in the left of Fig. 8.6 are now given by

V 0(q) =
1

2
Mω2

1(q − q1)
2 + E0

min (8.17)

V +(q) =
1

2
Mω2

2(q − q2)
2 + E+

min (8.18)

with the mass M and the vibrational frequencies ω1, ω2 of the defect system. The minimum of V 0(q)
corresponds to the initial defect configuration. When for example examining hole capture, the defect
system has to change from V 0(q1) into its charged configuration V +(q). This can be achieved by
applying a bias which shifts the uncharged defect configuration (solid V 0) with respect to the charged
configuration upwards (dashed V 0). When assuming T = 0, i.e. there are no phonons, the tunneling
process can only occur when the shifted ground state crosses the positive configuration. Starting
from V +(q1), structural relaxation to the minimum V +(q2) takes place. This is accomplished
by the emission of phonons. Fowler et al. used this picture to model electron tunneling between
semiconductor bands and insulator traps at the interface, i.e. band-to-trap tunneling, followed by
structural relaxation [160].

8.5.2 Radiative Multi-Phonon Emission

The process described above may be also triggered by an optical excitation, which is usually called
multi-phonon emission (MPE), and is illustrated in the center of Fig. 8.6. Following the FC principle,
the radiative transition takes place at constant q and moves the defect configuration from the
minimum V1(q1) up to the V2-curve via photon absorption. The necessary energy of this photon can
be obtained from the general binding energy EB(q) = V2(q)−V1(q), which is derived in Appendix D.1
as

EB(q) = E21 + S�ω2 +
1

2
Mω2

2

	�
2q1q2 − q2

1 − 2qq2 + q2
� − R2 (q − q1)

2



. (8.19)

Evaluated at q1 gives an energy of ǫ12 = E21 + S�ω2, with E21 = E2 − E1. This photon energy
exceeds the energy needed for a simple electronic SRH transition, where the barrier only results
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Figure 8.6: The total energy Etot as a function of the reaction coordinate q reveals various transition possibilities of
certain defects systems [141,151,154,155,157]. Left: Band-to-trap tunneling is modeled via a two-stage
process of tunneling followed by structural relaxation. The dashed line symbolizes the shift of the initial
defect system by an applied bias. Center: By absorbing or emitting a photon of the energy ǫ12 or ǫ21,
respectively, the defect state can be changed (multi-phonon emission (MPE)). Subsequent structural
relaxation always restores the system to the respective equilibrium in both cases. The emitted energy
is called relaxation energy ER. In the case of linear coupling (ω1 = ω2), ER = (ǫ12 − ǫ21)/2. Right:
Without optical excitation or emission the same mechanism is called non-radiative multi-phonon (NMP)
process. The transition energies ǫ12 and ǫ21 required have to be supplied by phonons. Classically, the
defect has to overcome the barrier determined by the intersection point of the parabolas with reference
to E1 and E2.

from the difference of the corresponding energy levels, E21, by S�ω2. To obtain defect equilibrium
within V2, S�ω2 has to be released via structural relaxation (phonons) afterwards. Therefore S�ω2

is also called relaxation energy. The Huang-Rhys factor S in it gives the number of photons emitted
after the FC transition [153] and determines the strengh of the electron-phonon coupling [157].

Now the loop can be closed by a photon emission of ǫ21 and again structural relaxation (S�ω1)
back to V1(q1). Consequently, ǫ21 = E21 − S�ω1. Note that the energy of the two photons ǫ12 and
ǫ21 differs by the sum of the two relaxation energies which are generally not equal due to non-linear
electron-phonon coupling.

When electron-phonon coupling is neglected as done in the SRH model, the defect equilibrium
does not change. This can be seen by modifying Fig. 8.6 (Center) such that q1 = q2. Consequently,
the photon energies have to be equal now and the relaxation energy ER = 0. As already known,
such a harsh approximation it is not able to explain the experimental results of BTI. However,
since the calculation of transition barriers with q1 �= q2 and ω1 �= ω2, as would be necessary for
a physically more correct model, is quite complex, linear electron-phonon coupling will be used
instead5. Therein still q1 �= q2 holds, but the vibrational frequencies are not allowed to change
anymore, i.e. ω1 = ω2 = ω. Using linear coupling simplifies the model picture a lot. For example,
the relaxation energy is now constant too, making the difference of the absorbed and emitted photon
exactly 2ER [130,159].

So far the defect system was treated at T = 0K. At higher temperatures (T > 0K) not only the
ground states at the minimum but also higher energies are occupied. For these states the absorbed

5Different forms of the coupling have been investigated in [124, 130, 159] and their effect on the bias- and
temperature-dependence of the transition probabilities will be discussed later within this chapter.
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Figure 8.7: The total energy Etot as a function of the reaction coordinate q for non-radiative multi-phonon emission
assuming strong (S�ω > E21) and linear coupling (ω1 = ω2). Left: Without applied bias ǫ21 < ǫ12
and state 1 is preferred due to its lower total energy. Right: Applying a bias induces an oxide electric
field which shifts the defect state 1 with respect to state 2. At the same time the intersection point is
changed and consequently the barriers ǫ12 and ǫ21. For the case shown here the barriers were changed
by Fox, i.e. ǫ21 < ǫ12, making the state 2 more likely to be occupied.

and emitted photon energies ǫ12 and ǫ21 are reduced, which is called thermal broadening of the
absorption and emission lines [130].

8.5.3 Non-Radiative Multi-Phonon Theory

An alternative process excludes the absorption and emission of a photon, which is actually the use
condition of a MOSFET. This makes it a non-radiative transition (NMP) [112, 130, 161, 162], like
depicted in the right of Fig. 8.6. In a classical transition the defect can only surmount the barrier
ǫ12 or ǫ21 between the intersection point of the parabolic potentials and its initial ground state. For
linear electron-phonon coupling, i.e. ω1 = ω2 = ω, these forward and reverse barrier energies are
derived in Appendix D.2 to be

ǫ12 =
(S�ω + E21)

2

4S�ω
(8.20)

ǫ21 =
(S�ω − E21)

2

4S�ω
. (8.21)

When shifting the defect level by applying a bias, the defect system in state 1 is shifted with
respect to the defect system in state 2. Since the intersection point is changed hereby, the transition
rates are directly affected. This approach was already used for the permanent component of the
two-stage model depicted in Fig. 8.5 and is schematically shown in Fig. 8.7 for two different bias
conditions.

When comparing Fig. 8.6 (right) with Fig. 8.7 (left), a strong difference in q2 − q1 = q21 can
be observed. While for small q21 the relaxation energy S�ω is much smaller compared to E21, it is
exactly the opposite for large q21. Depending on which case to deal with, (8.20) and (8.21) can be
further approximated. In the first case this yields

ǫ12 ≈ E2
21

4S�ω
+

E21

2
(8.22)

ǫ21 ≈ E2
21

4S�ω
− E21

2
. (8.23)
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Since the barriers mainly depend on the difference in electronic energy E21, even quadratically, and
not as much on the phonon part contained in the relaxation energy, this case is called weak coupling.
Usually one deals with the other case, termed strong coupling, where the barriers are

ǫ12 ≈ S�ω

4
+

E21

2
(8.24)

ǫ21 ≈ S�ω

4
− E21

2
. (8.25)

The barriers here are dominated by the relaxation energy and only linearly depend on E21. This
approximation is also visible in Fig. 8.6 (right) for weak and in Fig. 8.7 (left) for strong coupling.
When comparing the barriers (8.24) and (8.25) with those within the SRH model (8.13) and (8.14),
it can be seen that it is no longer necessary to distinguish whether the trap level is below or above
the reservoir level. Furthermore, in the NMP model both barriers of the capture and emission
process (ǫ12 and ǫ21) depend on the applied field to the same degree with only opposite sign, as
can be easily seen in Fig. 8.7. As such the same amount one barrier is lowered is added to the
reverse barrier. The resulting field depence of τc and τe is hence symmetric for linear coupling. By
considering also quadratic electron-phonon coupling terms [112,163], this symmetry is lifted so that
one barrier is increased at the expense of the reverse barrier after [130]

ǫ12 ≈ S�ω1

(1 + R)2
+

RE21

1 + R
(8.26)

ǫ21 ≈ S�ω1

(1 + R)2
− E21

1 + R
. (8.27)

with R as ω1/ω2. Unfortunately, this does not solve the undesired correlation of τc and τe, stated
at the end of Chapter 8.1.

8.6 Conclusion

Based on the SRH theory, many models have been developed in order to describe hole capture in
oxide defects. Unfortunately, most attempts fail for bias temperature instability, be it because of
the missing field dependence or because of the weak temperature dependence. By using a thermally
activated barrier EB in the capture and emission rates of the SRH model, Kirton and Uren already
identified that structural relaxation might play an important role to explain the large timescales
observed in 1/f -noise. Their approach is further developed in the NMP model, where the strong
electron-phonon interaction is used to not only explain the temperature dependence of BTI, but
also its field dependence. Unfortunately not all effects of BTI can be modeled with the simple rates
given by the NMP model. The field dependence experimentally observed exhibits a stronger than
linear dependence and furthermore no full decorrelation between the capture and emission time
constants is obtained by the simple NMP model. For this reason the NMP model will be extended
to so-called metastable defect states in the next chapter.
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Chapter 9

Modeling NBTI in High-k SiGe
pMOSFETs

In the last chapter it was concluded that the recovery after BTI is the mere consequence of single
defects being discharged at certain emission times, which gives a step-like drain current behavior
in small devices. The superposition of many of these defects, as observed in large-area devices,
yields the typical log-like recovery behavior [11]. The latest attempt to model such defects is based
on the non-radiative multi-phonon emission (NMP) theory after [124, 125, 153], cf. Chapter 8.5.3.
This theory assumes the conservation of the total energy of a defect or defect system consisting of
a strongly coupled electronic and vibronic part [130].

In [112] the NMP model was already shown to successfully reproduce measurement data of
small-area devices containing only a few defects. In this chapter it will be shown that the theory
also holds for rather complex large-area p-MOSFETs containing a larger number of defects. Such
devices have been studied by Franco et al. [164,165] and feature a buried SiGe channel with a thick
SiGe quantum well of high Ge-fraction (55%) and a thin silicon cap below the high-k dielectric in
order to reduce NBTI. This type of device is schematically depicted in Fig. 9.1. Devices of this
kind were subjected to NBTI stress using various stress voltages and temperatures via the extended
measure-stress-measure routine after [18]. For this, a static ID(VG)-characteristic is taken first to
obtain a reference. After the stress sequences with logarithmically increasing stress times from 2 s
to 2000 s the degraded threshold voltage is monitored with a delay of 2ms.

SiCap

Si

Si0.45Ge0.55

HfO2

SiO2

MG

Poly-Si

Figure 9.1: 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 [164].
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Figure 9.2: The calibration of the pMOSFET simulation model. By using an experimental split-C(V )-characteristic
the layer structure can be modeled in 1D. The simulation fits the experimental data very well in the
inversion regime, which is required during NBTI. The decrease of the capacitance above 1V is due to
high gate leakage.

9.1 Inverse Modeling

In order to be able to verify the NMP model for the experimental results, inverse modeling is
necessary. This is done via C(V )-characteristics of the real device. Unfortunately, the doping
profile of the completely processed pMOSFET was not accessible. To incorporate the quite complex
NMP model a representative 1D doping profile has to be guessed1. Since the background doping
is small and all the layers below the interface of the pMOSFET are not additionally doped during
the fabrication process, diffusion from the source/drain regions towards the SiGe quantum well can
take place. Due to many annealing steps the resulting doping becomes complicated which makes the
calibration of the simulated layer structure with the proper layer thicknesses and their corresponding
dopings an extremely challenging task.

Due to the fact that only a very limited amount of mobility data for SiGe-layers was published
so far the mobilities are only roughly approximated and are furthermore considered as constant
within the single layers. Based on the measured mobilities of Si and Ge in [89,166–168], the values
for the layers were linearly interpolated for Si0.45Ge0.55. The used values of µi are given in Tab. 9.1
for all layers at a temperature of 400K.

Despite this approximation the finally obtained C(V )-characteristics of the 1D device catches
the trend of the measurement, cf. Fig. 9.2, and fits the experimental split-C(V ) very well in the
inversion regime. The decrease of the capacitance above VG = 1V is due to dominant gate leakage.
Below VG = −2V the gate dielectric starts to break down due to the low effective oxide thickness of
about 1 nm. Since the NBTI stress conditions dealt with in this chapter are well within this regime,
the deviations outside this regime are assumed to be unimportant.

1The 1D-approximation is valid since VD is small and the channel is assumed homogenous along the length and
width of the device.
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Layer Doping NA/cm−3 Mobility µi/cm2V−1s−1

SiCap 5 · 1016 233
Si0.45Ge0.55 1 · 1017 485

Si 3 · 1017 203
Si 2 · 1017 215

Table 9.1: Details of the used dopings inside the single layers. Based on available measurement data the hole drift
mobility was approximated.

9.2 Multi-State Defect Model

Although the non-radiative multi-phonon (NMP) model of Chapter 8.5.3 appears to be the best
modeling approach so far, it still suffers from some limitation when used for BTI. First it is not able to
fully explain the uncorrelated behavior of the capture and emission times as observed experimentally
and second it does not give a stronger than linear field dependence of the capture time constants of
the defects though these are observed [169].

When modeling random telegraph noise (RTN) twenty years ago Uren et al. [170] suggested that
individual states can exist in more than one charge-equivalent, so-called metastable states. Based
on this idea the two possible states of the NMP model are now extended to a four-state defect
system [112]. Such a multi-state defect model is depicted in Fig. 9.3 (top) for the oxygen vacancy.
It contains two metastable defect states 1′ and 2′ which belong to the already used stable states 1
and 2, respectively. As can be seen the transitions between 1 and 2 now have to proceed over one
of the metastable states. This picture is similar to that already used in the two-stage model, cf.
Chapter 8.4, where the oxygen vacancy upon hole capture (state 3) was regarded to be in a kind
of metastable state with the choice to either structurally relax or to recapture a hole again. In the
multi-state defect model, again the oxygen vacancy is used as switching oxide trap [112,147].

With the help of a schematic reaction coordinate diagram in Fig. 9.3 (bottom) the transitions of
a single defect state are now explained. The neutral defect state 1 and the charged defect state 2 are
depicted together with their corresponding metastable states 1′ and 2′. Upon the application of a
stress bias, the charge transfer reaction from state 1 to 2′ is favored. This is indicated by the dashed
upwards shift of the parabola in Fig. 9.3 (bottom) and leads to a strong electric field dependence
of the barrier [112,157]. As 2′ is metastable it can relax into its stable form 2 afterwards.

By performing DFT calculations in crystalline SiO2, Schanovsky et al. concluded that the oxygen
vacancy does not fulfill all requirements of the multi-state model. This is because its thermodynamic
energy level of around 1 eV above the SiO2 valence band results in a very high barrier for the capture
process, which can only be surmounted at very high oxide electric fields. Unfortunately the necessary
fields are around 20MV/cm when assuming the defect to be localized 1 nm inside the oxide [151].
Another problem of the oxygen vacancy is that its neutralized puckered state 1′ is too unstable to
allow a switching trap behavior between state 1′ and 2, as the defect would rather relax back to its
initial state 1 immediately 2 [138].

For the sake of completeness also the hydrogen bridge is briefly discussed. According to first
principle calculations its energy level was determined to lie within the Si bandgap, meaning that
the defect configuration is already positively charged prior to stress. Therefore the hydrogen bridge
is ruled out as possible defect state when dealing with BTI as well [151].

However, no matter what exact defect configuration is responsible for BTI, the multi-state defect
model captures the essence of BTI very accurately and will therefore be used in the following. Its
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Figure 9.3: Top: The improved non-radiative multi-phonon (NMP) model includes a metastable defect state for
both charge states. The possible transitions exhibit a charge exchange and/or a structural relaxation.
Bottom: Schematic reaction coordinate diagram model for a single defect. The different configurational
potentials for each defect define the NMP process. 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
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hole capture and emission rates are derived similarly to Chapter 8.1, with the barriers based on the
NMP formalism, cf. Appendix D.2

k12′ = σpvth,pp exp−βǫ12′ , k2′1 = σpvth,pNv exp−βǫ2′1 , (9.1)

k1′2 = σpvth,pp exp−βǫ1′2, k21′ = σpvth,pNv exp−βǫ21′ . (9.2)

The indices of the barriers ǫij in the rates kij hold for the corresponding transitions from i to j
with the cross section σp and the thermal velocity of holes vth,p. Furthermore, p and Nv denote



Chapter 9. Modeling NBTI in High-k SiGe pMOSFETs 95

0 4 8
Reaction Coordinates [a.u.]

-0.5

0

0.5

1

1.5

2

L
at

tic
e 

+ 
E

le
ct

ro
ni

c 
E

ne
rg

y 
- E

V  [
eV

]

q1q1 q2q2′ q1′

ǫ12′
E2

E2′

ǫ2′1
ǫ2′2 ǫ22′

ǫ21′

ǫ1′2

ǫ11′

ǫ1′1

E1E1

E1′

Figure 9.4: The quantities used in the multi-state defect model, taken from [112]. Since the reaction coordinates
describing the transition 1 ↔ 2′ differ from those describing 2 ↔ 1′, the harmonic potentials describing
states 1 and 1′ (blue) are plotted twice.

the hole concentration and the effective valence band weight, respectively. Since the stable and
their corresponding metastable states are only separated by a thermal barrier ǫii′ , these barriers are
bias independent. Therefore ǫii′ is not calculated via the intersection of the parabolas, as it needs
to be done for (9.1) and (9.2), but is an explicit parameter together with an attempt frequency
σ0 ≈ 1 · 1013 s−1 after [112]

k1′1 = σ0 exp−βǫ1′1 , k11′ = σ0 exp−β(ǫ1′1+E1′−E1), (9.3)

k2′2 = σ0 exp−βǫ2′2 , k22′ = σ0 exp−β(ǫ2′2+E2′−E2) . (9.4)

The rates correspond to the barriers and energies in Fig. 9.4. When the effective transition from
state 1 to 2 over the metastable state 2′ is considered this exhibits a two step process, which is
proportional to the product of the first rate k12′ times the second rate k2′2 which has to be divided
by the sum of all rates contributing to state 2′, k12′ +k2′1 +k2′2 +k22′ [130]. Neglecting the last rate
k22′ because it will be smaller than k2′2 due to the fixed thermal barrier at all times and adding the
path over the metastable state 1′ in the same manner yields

k12,eff =
k12′k2′2

k12′ + k2′2 + k2′1
+

k11′k1′2

k11′ + k1′2 + k1′1
. (9.5)

Analogously the effective transition from 2 to 1 over the metastable states can be derived to be

k21,eff =
k22′k2′1

k22′ + k2′1 + k2′2
+

k21′k1′1

k21′ + k1′1 + k1′2
(9.6)

These reaction rates then define the specific capture and emission time constants τc = 1/k12,eff and
τe = 1/k21,eff , respectively, within which the single defect is charged and discharged on average.
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During stress the effective forward rate k12,eff can be approximated to the transition over state
2′, as already indicated in Fig. 9.3 (bottom). However, during relaxation transitions over both
metastable states contribute, also indicated by arrows. After Grasser et al. [112] switching trap
behavior in the multi-state defect model is only observed when both barriers between state 2 and 1′

are rather small compared to ǫ22′ . Consequently, switching traps favor the backward process over
1′. For defects featuring a large barrier ǫ21′ on the other hand no such switching trap behavior can
be observed, since they practically never reach state 1′, they have to recover via 2′.

9.2.1 Distribution of Defects

Compared to the very small devices described in [112,116], where a discussion of a single defect makes
sense and one is indeed able to resolve the state in which the defect currently is, this is not the case
for the large area devices considered in this chapter, where a large number of differently behaving
defects is located in the oxide. Therefore, a distribution of defects regarding their characteristics
has to be assumed, with all the defects featuring different energies E1, E1′ and ǫ1′1. Furthermore,
different positions xT inside the oxide and relaxation energies S�ω1 and S�ω2 are assumed.

As a reasonable discretization of the defect characteristics is not feasible, the defect properties
are considered using a statistical approach, which is shown in Fig. 9.5. Whereas E1, E1′ , and ǫ1′1

are distributed gaussian, xT, S�ω1, and S�ω2 are distributed uniformly within the depicted ranges.
All other parameters of the model in (9.1) to (9.4) are taken to be constant.

By chosing 1000 different defects a gaussian profile can already be well approximated, cf. Fig. 9.5
(top left). Further increasing the number of defects (top right) to 100000 yields a nearly perfect
gaussian profile. The same numerical improvement is observed for the relaxation energies in Fig. 9.5
(bottom right). However, as will be shown later, a number of 1000 representative defects in a
defect band, like depicted in Fig. 9.5 (bottom left), is sufficient to describe the measurement results
properly.

When applying NBTI stress, the defect band is shifted with respect to the valence band. Hence
only a part of all present defects is able to contribute to the degradation depending on the applied
bias conditions. As an example of which fraction of the defects can become charged, the occupied
defects are marked as filled within the defect band in Fig. 9.6 (top left) after 2000 s of stress. When
switching back to relaxation the defect band is lowered again and the defects can become discharged.

However, the defect occupancy is not only determined by E1 and xT anymore as it is the
case after the SRH-like approach of Kirton et al. [124], where all defects up to a certain distance
xT become charged as a direct consequence of the tunneling front due to the WKB factor. The
addition of a barrier ΔEB for all defects only changes the level above and below which the defects
can become charged and discharged, respectively. In contrast to this there are also empty defects
inbetween the filled ones in terms of both E1 and xT after the multi-state defect model, cf. Fig. 9.6
(top left). Unfortunately this means that it is no longer possible to estimate the time dependence of
the total degradation as an analytic expression, as it was possible for the SRH approach on basis of
xT in first order. Due to the superposition of many defects, which are further distributed in different
quantities, no kind of degradation estimation does make sense for the large devices investigated in
this chapter.

Before further discussing the repeateded charging and discharging of the switching traps and
their time dependence within the performed stress/relaxation cycles, the reservoir conditions of the
substrate providing the holes have to be set.
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Figure 9.5: Distributed quantities of the defects. Top Left: The determining energies and barriers of state 1 are
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already charged defect above the Fermi level for the depicted equilibrium condition. Bottom Right:
The relaxation energies for both stable defect states S�ω1 and S�ω2 are uniformly distributed within
0 eV and 1.1 eV or 1.5 eV, respectively.
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9.2.2 Reservoir of Holes - Classical vs. Quantum Mechanical Description

Previously [112], the holes were assumed to be energetically located at the valence band edge
of the substrate with the defects being filled corresponding to this energy level. Unfortunately
this approximation is questionable for a more complex structure like pMOSFETs with a high-k
dielectric layer and a SiGe-layer inside the silicon substrate. This necessitates the incorporation
of quantum mechanical (QM) confinement. Instead of assuming all holes to be fixed at Ev, it is
now distinguished between the contributing subbands, i.e. their different eigenenergies and hole
occupancies are considered. To obtain the wave functions 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) [171]. The carrier concentration is calculated by treating the
quasi-bound states as a two-dimensional electron gas in equilibrium and the continuum states as a
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.

In the left of Fig. 9.7 the first five subbands are displayed based on their corresponding eigenen-
ergies of which four are localized in the SiGe-layer. In the right of Fig. 9.7 the first two subbands
are depicted for two stress and relaxation conditions. When switching from relaxation to stress the
maxima of the subband wave functions move towards the interface, which raises the “hole concen-
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Figure 9.7: 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.

tration” in the oxide. The penetration of the wave functions 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 ne-
glected, the WKB approximation is valid here and closely matches the transition probability of the
wave function. Due to the lower computational efforts, the WKB approach is therefore used in the
following.

In order to calculate the occupancy of the entire defect band during a certain bias condition in
time, the effective rates in (9.5) and (9.6) have to be evaluated for each subband for each individual
defect. The effective rates of a single defect have then to be summed up over all subbands and
determine the single defect occupancy. The occupancy of the entire defect band finally gives the
observable degradation.

9.3 Results

To validate the multi-state defect model described in the last section, experimental data with loga-
rithmically increasing stress times for different temperatures T and stress voltages Vstr is essential.
This measurement data is then fitted by using a single parameter set. Eventually, the calibrated
parameter set is shown in the following to successfully account for all performed measurements.

For a given temperature and voltage, as illustrated in Fig. 9.8 (left), it is possible to simulate
a complex eMSM-sequence, consisting of logarithmically increasing stress times, with very good
agreement. Furthermore, the last relaxation sequence after more than 2000 s of stress is compared
at different temperatures and for different stress voltages, cf. Fig. 9.8 (right). Despite device to
device deviations, as various MOSFETs have to be used for the measurements to avoid pre-stress,
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Figure 9.8: Left: The relaxation sequences of an measurement-sequence with logarithmically increasing stress times
are plotted versus the simulation results. The same calibrated parameter set of Chapter 9.2.1 is applied
for all simulations, yielding sound agreement. Right: The last relaxation sequence is depicted for
different temperatures (top right) and stress voltages (bottom right). It can be clearly seen that the
measurement is very well reproduced using the multi-state defect model.

it can be clearly seen that the measurements are very well reproduced using the multi-state defect
model in combination with a broad defect distribution.

It was already mentioned that an investigation of the time dependence of a single defect is not
reasonable in large device. However, the relaxation behavior observed in Fig. 9.8 can be modeled by
the superposition of defects with different emission time constants. This is confirmed by Fig. 9.6,
where the percentage of the charged oxide defects is correlated with 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 relaxa-
tion of the switching traps. The permanent part left can be explained by recalling the two-stage
model [98], which assumes depassivated interface states contributing to the permanent part of NBTI
(Fig. 9.8 (right)). In the simulation the permanent part was modeled by an additional defect level
which can only be filled during stress. During recovery the defect level remains occupied.

A further issue when dealing with device simulations was the already mentioned exactness of
the distributions due to the different amount of taken defects. Here a number of 1000 representative
defects exhibits a good compromise between computational efforts and accuracy of the simulation
when fitting the experiments. Therefore this value is chosen for the calibration of the parameter
set. When taking more defects into account, the simulation results become smoother and do not
contain the small kinks, as visible in Fig. 9.8 (right) for 1000 defects. However, this is only due
to numerical reasons, since the actual degradation is always obtained by scaling the behavior of
the “respresentative” defects. Consequently, the overall behavior is not changed, which can be seen
when comparing Fig. 9.8 (right) and Fig. 9.9 (left).

At last, it can be pointed out that the classical approach, which assumes all holes to be energeti-
cally located at the valence band edge of the substrate, shows small deviations from the QM-results,
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Figure 9.9: The last relaxation sequence as depicted in Fig. 9.8 (left) for different temperatures and stress voltages.
Left: 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.
Right: 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 agreement with the experiment.

especially for 125 ◦C and Vstr = −1.83V, cf. Fig. 9.9 (right). This is due to the missing influence of
the subbands which are localized in the SiGe-layer.

9.4 Conclusions

In this chapter is has been shown that the recovery of a multi-layer high-k pMOSFET structure after
NBTI stress can be well modeled on the basis of a refined multi-state defect model, in which the
effective rates of the model over two metastable states determine the temporal occupancy of a single
defect. Since the area of the devices investigated here is large, also a large number of oxide defects
having different defect quanitities like energies, barriers inbetween, and positions inside the oxide
are assumed. Due to the complexity of the device also quantum mechanical effects like subbands
are incorporated, which is necessary to explain the heavier stress conditions. When the effective
rates of all the defects for all the contributing subbands at certain times are summed up, the defect
band occupation can be calculated giving the overall degradation. This is done for measurement
data covering a large range of accelerated stress conditions yielding excellent agreement.
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Chapter 10

Summary and Outlook

This work deals with the characterization of the bias temperature instablity (BTI) from a metro-
logical approach as well as from a modeling approach. To resolve the question “what to model”,
well-designed measurements are of utmost importance. Numerous measurement techniques have
therefore been compared and their applicability to BTI was carefully checked. Although it is seem-
ingly obvious, issues like the measurement delay or the impact of the measurement setup on the
device have been ignored for a long time. Just a few years ago the characterization of the nega-
tive BTI (NBTI) of pMOS devices as the most serious BTI condition was only focused on the stress
phase, i.e. the degradation during BTI. This stress phase was widely modeled via the reaction diffu-
sion theory which assumes the diffusion of hydrogen into the oxide. However, as soon as the stress
is removed, a part of the degradation was found to recover, which can not be adequately described
by the reaction diffusion theory and extended variants thereof.

The final failure of the long-reigning reaction-diffusion theory has demonstrated that without the
use of significant and proper experimental NBTI data, modeling attempts are highly questionable,
especially when they are based on incorrect premises, like the previously ignored recovery after
NBTI. Upon the emergence of refined measurement techniques, many dependencies of the NBTI
mechanism were explored, e.g. voltage, temperature, and frequency dependence to only mention a
few, and new modeling attempts were published. While some attempts focused on the existence of
interface states only, others assumed faster hole traps and slower interface states to contribute to
NBTI. For the latter assumption it was suggested that the recovery behavior can be split into a
recovering part due to hole traps and a permanent part due to interface states. In order to analyze
the role of the recoverable component, measurement delay times down to the microsecond-regime
became important.

The main experimental challenges discussed in this thesis include the synchronization of in- and
output data with a high time resolution, the reduction of noise, and the clear distinction between
stress phase and recovery phase when a pulsed measurement technique is used. Especially, the
transition phase between stress and recovery is undefined. It is not surprising, however, that there
is no perfect measurement technique and each of them has its specific drawbacks.

• On-the-fly (OTF) measurements allow a recovery-free measurement, since the drain current is
measured at stress level. Its main drawback, however, lies in a missing unstressed reference and
the fact that mobility degradation is wrongly attributed to the threshold voltage degradation.

• The charge pumping (CP) technique allows to assess the amount of interface states. Unfortu-
nately, the characterization of the recovery behavior is extremely challenging because of the
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inherent bias switches into accumulation. The extended OTF-CP technique, named OFIT,
suffers from a spurious degradation during stress compared to that during recovery. Since this
is due to the different pulse conditions, it can at least be corrected. However, the resolution
of the short-term behavior is very limited due to the averaging of the gate pulses.

• A tool to access short-term stress as well as recovery was found in the fast pulsed ID(VG)-
characteristics. When carefully handled, delay times of a microsecond can be achieved. A
general disadvantage of pulsed measurement techniques lies in the characterization of PBTI of
pMOSFETs. Although stress is performed in the accumulation regime in this case, degradation
has to be characterized in inversion anyway. As unwanted side effect this may yield small NBTI
stress and hence obscure the real PBTI-induced degradation.

• Focusing on the recovery phase the measurement technique of choice in this thesis is the
measurement-stress-measurement (MSM) technique. It allows the determination of an un-
stressed reference and exhibits very small delay times. Furthermore it can be extended to
many alternating stress and recovery sequences, referred to as eMSM technique.

Using these measurement techniques the following results are obtained:

Irrespective of which stress condition (NBTI or PBTI) is imposed to which device type (nMOS
or pMOS), always a negative shift of the threshold voltage is observed for thin oxides, with the
largest degradation for the NBTI/pMOS case. Furthermore, the degradation can be split into a
recoverable hole trap component and a permanent interface state component. When the recovery
is monitored with a too large measurement delay time, a fraction of the recoverable part can be
missed. Short-term NBTI stress and recovery measurements in the range of 1µs to 1 s underline
the challenge that the measurement delay time as well as the settling time of the applied gate pulse
have a huge impact on the monitored recovery. A settled gate pulse for example may miss a part
of the degradation and recovery which whould yield spurious effects. For this reason a more liberal
level for the pulse settling time should be used instead, involving the risk of mixing the stress and
recovery phase.

To rigorously model BTI, it is important to not only study the short-term but also the long-
term recovery behavior on an equal footing. New measurement results indicate that the previously
assumed permanent part actually exhibits recovery, albeit on a large time scale. When the same
type of pMOS previously subjected to NBTI stress is PBTI-stressed instead, a different recovery
behavior is obtained. This can be explained by the assumption of a “general recovery behavior”
which covers all aspects of the previous stress conditions. Depending on the oxide electric field
and stress time only a part of the recovery is visible in the measurement. The invisible part of
the general recovery is either too fast to be observable, which is assumed to be the case for NBTI,
or so late that even an experiment lasting for two weeks is too short to capture the full recovery
characteristics. The latter case is assumed for PBTI.

The fact that recovery even occurs below a microsecond and continues for at least weeks requires
a model that is able to explain large time scales over more than 12 decades. Modelling attempts
using Shockley-Read-Hall-like (SRH) processes are ruled out because they feature a too small time
constant range. Also the field and temperature dependence can not be explained with the SRH
model. The latest attempt is based on the non-radiative multi-phonon (NMP) theory, where hole
capture and emission time constants depend on the barriers between two different defect states.
Upon the application of stress, one defect configuration is shifted with respect to the other, which
favors a hole capture process during stress. During recovery the energy levels between the two defect
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levels favor hole emission. Depending on the kind of defect this gives a well-defined pair of a capture
and emission time constant.

The step-like recovery behavior of small devices is a clear demonstration of such hole emission
events from single defects. However, larger devices contain a larger number of defects. When in
the simplest case a uniform distribution of time constants is assumed, a log-like recovery behavior
consistent with the measurement results is obtained. This indicates that the underlying mechanism
during BTI is actually based on the superposition of a large number of different defects that each
feature different pairs of capture and emission times.

Finally, the recovery of high-k SiGe pMOSFETs was modeled by an extended NMP theory
which is able to describe the behavior of switching oxide traps during NBTI: The multi-state defect
model features two bistable defect states, each consisting of a stable and a metastable defect level.
Effective capture and emission rates between the two stable defect levels determine the occupation
of the defect. The complexity of the devices required the implementation of quantum mechanical
effects like quantization in the channel to successfully model a large experimental dataset of different
stress times, voltages and temperatures. To that end, a distribution of energies, barriers, and
positions inside the oxide were assumed. The occupancies of all defects were finally summed up
over all subbands. The overall degradation yielded excellent agreement with the experimental data,
strongly indicating that the extended NMP theory is valid for NBTI.

However, the microscopic structure of the defect(s) contributing to NBTI and PBTI still remains
vague. Recent publications have performed density function theory calculations using the oxygen
vacancy and the hydrogen bridge as possible defect configurations. Unfortunately, the obtained
thermodynamic energy levels of both defects are not in agreement with the experimental observations
made during BTI. A successful defect identification would help the semiconductor industry to alter
the manufacturing process in a manner that BTI would not be longer a serious reliability issue. Also,
with the successful understanding of BTI it would be finally possible to make clearer predictions on
the lifetime of MOSFETs.
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Appendix A

Extracting Vθ Based on the Level 1
model

Different OTF models will be described below. Their advantages and disadvantages are due to
different approximations [37]. The underlying compact model was already introduced in Section 2.3,

ID,lin =
βVD(VG − Vθ − 1/2VD)

1 + θ(VG − Vθ − 1/2VD)
. (A.1)

While β depends on the effective mobility µeff , θ models the mobility saturation with increasing
vertical field and Vθ the threshold voltage.

A.1 OTF1

The simplest OTF model, in the following named OTF1, assumes θ to be small, VD to be small
compared to VG and Vθ, and µeff as constant (β = 1) [36,49]. Equation (A.1) then simplifies to

ID,lin = βVD(VG − Vθ). (A.2)

With only Vθ contributing to the total differential

dID,lin =
∂ID,lin

∂Vθ
dVθ +

∂ID,lin

∂β
dβ +

∂ID,lin

∂VG
dVG + · · ·

and by approximating ΔID,lin ≈ dID,lin yields

ΔID,lin =
∂ID,lin

∂Vθ� �� �
−βVD

ΔVθ = − ∂ID,lin

∂VG� �� �
gm

ΔVθ. (A.3)

Equating (A.2) with (A.3) finally gives

ΔV OTF,1
θ ≈ −ΔID,lin

ID,lin
(VG − Vθ) = −ΔID,lin

gm
. (A.4)

Note the similarity to (2.9) in (A.4). Hence, OTF1 only requires the determination ID,lin during
stress but neglects the mobility reduction described by β and θ.
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A.2 OTF2

Starting again with (A.1), but this time without simplifications, the total differential delivers

gm =
∂ID,lin

∂VG
= −∂ID,lin

∂Vθ
= − −βVD

(1 + θ(VG − Vθ − 1/2VD))2
. (A.5)

Linking (A.1) and (A.5) results in

ID,lin

gm
= (1 + θ(VG − Vθ − 1/2VD))(VG − Vθ − 1/2VD) (A.6)

which is needed for the mobility variation. Differentiating this expression with respect to Vθ describes
ΔVθ as a function of the measured change in ID,lin/gm not depending on β [6].

∂(
ID,lin

gm
)

∂Vθ
= −1 − 2θ(VG − Vθ − 1/2VD) (A.7)

ΔV OTF,2
θ ≈

−Δ(
ID,lin

gm
)

1 + 2θ(VG − Vθ − 1/2VD)
(A.8)

In contrast to OTF1, OTF2 requires a complete ID(VG)-characteristics for the extraction of θ.

A.3 OTF3

The OTF3-method is explained in Chapter 2.3.



Appendix B

Ideal MOS Capacitor

The band diagrams of an ideal MOS structure consisting of a gate electrode (metal or polysilicon),
a dielectric (oxide), and a semiconductor (nMOS or pMOS) are shown in Fig. B.1 under different
operating conditions for both nMOS and pMOS. For the most simple case it is assumed that (i)
there are no charges in the oxide, (ii) the resistivity of the oxide is infinite, and (iii) the work function
difference between the metal and the semiconductor, φms, is zero [10]. The operating conditions
depend on the applied voltage V on the metal contact with respect to the Fermi level of the grounded
semiconductor and are called accumulation (a), flatband (b), depletion (c), and inversion (d).

In the following the pMOSFET with n-substrate will be explained:

(a) When a positive voltage is applied at the contact the conduction band Ec bends down towards
the Fermi level Ef that is set constant in the semiconductor where no current flows. This bending
yields an accumulation of the majority carriers (electrons) near the interface.

(b) For V = 0 all bands remain flat and the semiconductor and its majority and minority carriers
are in thermal equilibrium.

(c) Under a small negative voltage the majority carriers are repelled from the interface, involving
that the bands are bend up. The intrinsic energy Ei gets closer to Ef .

(d) When further increasing the negative voltage this bending continues and once Ei crosses Ef

the minority carriers (holes) exceed the majority carriers at the interface. Hence, this case is called
inversion, as the interface is inverted.

For the p-type structure with holes as majority carriers and electrons as minority carriers only
the polarity of the voltage has to be changed.

B.1 Surface Space Charge Region of an
n-Type MOS Capacitor

To be able to calculate and interpret the C(V )-characteristics of pMOSFETs the understanding of
the semiconductor charge Qs as a function of the surface potential ψs is inevitable. The nomenclature
of these calacultions is based on [10] but an n-type instead of a p-type semiconductor is used.

The measure for the local band bending in the semiconductor is given by ψn(x) = Ei(x)/q, which
determines the local electron concentration nn(x) and hole concentration pn(x) given by

nn(x) = nn0 exp

�
qψn

kBT

�
= nn0 exp(βψn) (B.1)
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Figure B.1: The energy band diagrams for ideal MOS-capacitors under different bias conditions: (a) accumulation,
(b) flatband, (c) depletion, and (d) inversion. The resulting charges bend the bands upwards near the
interface of the oxide/substrate (insulator/semiconductor) if V < 0 and downwards if V > 0. The
energy levels and potentials are marked for the flatband condition (V = 0), with φms denoting the
Fermi potential with respect to the vacuum level, χi and χ, as electron affinity for the oxide and the
substrate, and Eg as bandgap in the substrate. Top: For a p-semiconductor (nMOS) it holds that
φms ≡ φm − (χ + Eg/q − φp) = 0, where ψBp and φp represent the Fermi potentials with respect to
the intrinsic energy Ei and valence band Ev. Bottom: For an n-semiconductor (pMOS) one obtains
φms ≡ φm − (χ + φn) = 0 with φn and ψBn as the Fermi potentials with respect to the conduction band
Ec and intrinsic energy Ei.

pn(x) = pn0 exp

�−qψn

kBT

�
= pn0 exp(−βψn) (B.2)

where nn0 and pn0 denote the equilibrium densities (flatband case), kB the Boltzmann constant and
1/β the thermoelectrical potential at T . Starting from the 1d-Poisson equation

d2ψn(x)

dx2
= −ρ(x)

ǫrǫ0
(B.3)

with the local space charge density ρ(x) = q(N+
D − N−

A + pn − nn) the potential is obtained. Here,
N+

D and N−
A are the densities of the ionized donors and acceptors. Deep in the substrate (and under
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flatband conditions in the whole semiconductor) charge neutrality can be assumed ρ(x) = 0 due to
ψn(x → ∞) = 0. Inserting and evaluating (B.1) and (B.2) yields N+

D − N−
A = nn0 − pn0 and finally

d2ψn(x)

dx2
= − q

ǫrǫ0
(nn0 − pn0 + pn − nn)

= − q

ǫrǫ0
(pn0(exp(−βψn) − 1) − nn0(exp(βψn) − 1)). (B.4)

To integrate (B.4) the following integration trick is necessary:

d

�
dψ

dx

�
=

d2ψdx − dψd2x

dx2
=

d2ψ

dx

dψ

dx
d

�
dψ

dx

�
=

dψ

dx

d2ψ

dx

= dψ
d2ψ

dx2�
dψ

dx
d

�
dψ

dx

�
=

�
d2ψ

dx2
dψ (B.5)

With (B.5) the Poisson equation (B.4) can be rewritten as

−Es�
0

dψn

dx
d

�
dψn

dx

�
=

ψs�
0

− q

ǫrǫ0
(pn0(exp(−βψn) − 1) − nn0(exp(βψn) − 1))dψn

1

2

�
dψn

dx

�2
�����
−Es

0

= − q

ǫrǫ0

�
pn0

�
exp(−βψn)

−β
− ψn

�
− nn0

�
exp(βψn)

β
− ψn

������ψs

0

(B.6)

1

2
E2

s = − q

ǫrǫ0

�
pn0

�
exp(−βψs)

−β
− ψs +

1

β

�
− nn0

�
exp(βψs)

β
− ψs − 1

β

��

=
qnn0

ǫrǫ0β

��
pn0

nn0

�
(exp(−βψs) + βψs − 1) + (exp(βψs) − βψs − 1)

�
. (B.7)

The integration boundaries (B.6) range from the substrate, where ψn = 0 and dψn/dx = 0 to the
surface with ψn = ψs and dψn/dx = −Es.

For non-degenerate semiconductors the Fermi level is far enough away from Ec and Ev and
Fermi-Dirac statistics can be approximated by Boltzmann statistics. The carrier concentrations for
an n-type semiconductor with N+

D > N−
A can be approximated [10]. Then,

nn0 ≈ ND = ni exp

�
Ef − Ei

kBT

�
= ni exp

�
qψBn

kBT

�
(B.8)

pn0 =
n2

i

nn0
≈ n2

i

ND
, (B.9)

which yields
pn0

nn0
= exp(−2βψBn). (B.10)

The electric field at the surface in (B.7) is now simplified to

Es = ±
�

2qnn0

ǫrǫ0β
F (βψBn, ψs) (B.11)
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Figure B.2: The surface charge density Qs compared for both p-type and n-type semiconductors depending on ψs.
While the solid lines stand for positive Qs, the dashed lines symbolize a negative Qs. The approximations
very well fit the exact solutions (B.13) and (B.18) drawn in black. Deviations from the latter only exist at
the transitions of the operating regimes. It is shown that Qs,n(ψs) ≡ −Qs,p(−ψs), where the subscripts

n and p denote the type of semiconductor.

with

F (βψBn, ψs) = +
�

exp(−2βψBn)(exp(−βψs) + βψs − 1) + (exp(βψs) − βψs − 1). (B.12)

By applying Gauss’ law ∇·E = ρ(x)/(ǫrǫ0) the space-charge-density per area is finally obtained
as

Qs = −ǫrǫ0Es = ∓
�

2qǫrǫ0nn0

β
F (βψBn, ψs). (B.13)

For n-type (pMOS) semiconductors (B.13) can now be approximated for the different regimes
of the surface potential ψs ≡ V with the contact voltage V , defined in the beginning of the chapter.
For accumulation with ψs > 0, the term exp(βψs) dominates in (B.12), making

Qs ∝ − exp(βψs/2).

For ψs < 0, depletion and successively weak inversion set in till ψs = −2ψBn is fulfilled. Here

Qs ∝ +
�
−βψs.

Finally, beyond ψs > −|2ψBn| the first term in (B.12) starts to dominate, which yields

Qs ∝ + exp(−βψs/2).
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B.2 Results for p-Type Semiconductors

When compared to n-type semiconductors, some of the equations from (B.1) to (B.13) differ for
p-type semiconductors. Due to their exchanged concentrations of holes pp and electrons np

pp(x) = pp0 exp(−βψp) pp0 ≈ NA = ni exp(βψBp) (B.14)

np(x) = np0 exp(βψp) np0 = n2
i /pp0 ≈ n2

i /NA (B.15)

some of the equations change their signs depending on the applied bias conditions. The calculations
are derived in [10] and for that reason only the differences between n-type and p-type are summarized
below. Starting with the electric field at the interface

1

2
E2

s =
qpp0

ǫrǫ0β

�
(exp(−βψs) + βψs − 1) +

�
np0

pp0

�
(exp(βψs) − βψs − 1)

�

Es = ±
�

2qpp0

ǫrǫ0β
F (βψBp, ψs) (B.16)

with

F (βψBp, ψs) = +
�

(exp(−βψs) + βψs − 1) + exp(−2βψBp)(exp(βψs) − βψs − 1), (B.17)

the space-charge-density becomes

Qs = −ǫrǫ0Es = ∓
�

2qǫrǫ0pp0

β
F (βψBp, ψs). (B.18)

Again, the charge at the surface (B.18) can be approximated for certain surface potentials ψs.
For accumulation with ψs < 0, the term exp(−βψs) dominates the root in (B.17), making

Qs ∝ exp(−βψs/2).
Starting from the flatband condition at ψs = 0, first depletion of holes and afterwards weak

inversion set in till ψs = 2ψBp is fulfilled. In these two regimes Qs ∝ −√
βψs.

Finally, beyond ψs > 2ψBn the first term in (B.17), starts to dominate by outbalancing the
negative exponent in exp(−2βψBp) which yields Qs ∝ − exp(βψs/2).

In Fig. B.2 the different operating conditions with its resulting surface charge density Qs at
the interface side of the semiconductor are opposite for both p-type and n-type semiconductors.
The above mentioned approximations very well fit the exact solutions (B.13) and (B.18), as devi-
ations are only present at the intersections of the different regimes. Furthermore, it is shown that
Qs,n(ψs) ≡ −Qs,p(−ψs), where the subscripts n and p denote the type of semiconductor.
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Appendix C

Diffusion-Limited Stress Phase of the
Reaction-Diffusion Theory

In the standard reaction-diffusion theory the kinetic rate equation describing the interface reaction
via a hydrogen species Xit [56–58] in

∂Nit

∂t
= kf(N0 − Nit) − krNitX

1/a
it , (C.1)

with Nit and N0 as unpassivated and total amount of interface states. Thus N0 − Nit denotes the
concentration of passivated interface defects depassivating with the rate kf . The passivation rate kr

of the dangling bonds also depends on the hydrogen species Xit with its kinetic exponent a (1 for
H0 and H+, and 2 for H2) [172]. Assuming the quasi-equilibrium regime of the interface reaction
(∂Nit/∂t ≈ 0) as the dominant regime after [17,59,66,71], the rate equation (C.1) can be rewritten
as

Xit =

�
kf

kr

N0 − Nit

Nit

�a

. (C.2)

The boundary value problem for Xit is as follows:

∂Xit(x, t)

∂t
= DX

∂2Xit(x, t)

∂x2
± µEox

∂Xit(x, t)

∂x
. (C.3)

When neglecting charged hydrogen (H+), the drift term inside the drift-diffusion process (C.3)
vanishes. The remaining diffusion process will be approximately solved on basis of a triangular
hydrogen profile1 [59, 85], as depicted in Fig. C.1 (right).

After the continuity equation the interface states additionally created, ΔNit(t), are due to the
leaving hydrogen Xit(t), which is shown in Fig. C.1 (middle). The corresponding diffusion front is
given by

√
DXt. Comparing with Fig. C.1 (right) yields the area confined by the diffusion front on

the one hand and the number of aXit at the interface at the other hand which equals

aXit(t)
√

DX t

2
= ΔNit(t). (C.4)

The ratio between the diffusing hydrogen species and resulting interface states is determined by the
kinetic exponent a, i.e. each H2 leaves 2 dangling bonds.

1Other diffusion profiles, e.g. a Gaussian profile, are more accurate, but do not change the overall result [173].
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Figure C.1: Left: For the diffusion-limited part of the RD theory the interface is considered to be nearly fully
passivated at t0, i.e. N0 ≫ Nit,0. The additionally created dangling bonds ΔNit are furthermore
assumed to dominate the total number of dangling bonds (Nit,0 + ΔNit(t) ≈ ΔNit(t)). Note that in
fact the Si–H and the silicon dangling bonds are not arranged in two groups like schematically depicted
here, but are randomly distributed. Right: Hydrogen profile inside the oxide during a diffusion process.
The area under the hydrogen profile with its progressing diffusion front

√
DXt equals the number of

additionally generated interface states ΔNit(t) given by relation (C.4).

To solve equations (C.2) and (C.4) the following assumptions are made: (i) The amount of passi-
vated interface states N0 is much larger than the initial value of Nit, Nit,0, and (ii) ΔNit(t) ≫ Nit,0.
A schematic picture of the interface shows all necessary quantities and is relations (Fig. C.1 (left)).
Inserting these assumptions into (C.2) and comparing with (C.4) gives

2ΔNit(t)

a
√

DX t
≈

�
kf

kr

N0

ΔNit(t)

�a

. (C.5)

The approximated number of ΔNit is then

ΔNit(t) =

�
kf

kr
N0

� a
a+1 	a

2


 1
a+1

(DXt)
1

2(a+1) . (C.6)

By using atomic hydrogen (a=1) this term simplifies to

ΔNit(t) =

�
kf

kr

N0

2
(DXt)

1
4 , (C.7)

while molecular hydrogen (a=2) yields

ΔNit(t) =

�
kf

kr
N0

�2
3

(DXt)
1
6 . (C.8)

Alternatively (C.4) can be formulated via the flux of the hydrogen profile (the gradient right at the
interface) and yields a first-order differential equation in time to solve. The results differing by a
constant prefactor from the algebraic expressions in (C.6) are summarized in [71].



Appendix D

Multi-Phonon Emission

Based on Chapter 8.3 the forward and reverse barriers of the radiative multi-phonon emission (MPE)
and the non-radiative multi-phonon (NMP) model will be deduced from the harmonic oscillator of
the form

V1(q) =
1

2
Mω2

1(q − q1)
2 + E1 (D.1)

V2(q) =
1

2
Mω2

2(q − q2)
2 + E2, (D.2)

where E1 and E2 denote the defect states in thermal equilibrium at V1(q1) and V2(q2). The vibronic
frequencies ω1 and ω2 set the curvature of the harmonic potentials.

D.1 Radiative Multi-Phonon Emission

In a radiative process the energy necessary for a transition from V1 to V2 is obtained from the
binding energy, EB(q) = V2(q) − V1(q). This energy writes as

EB(q) = E2 − E1� �� �
E21

+
1

2
Mω2

2(q − q2)
2 − 1

2
Mω2

1(q − q1)
2

= E21 +
1

2
Mω2

2

�
(q2

2 − 2q1q2 + q2
1� �� �

(q1−q2)
2

+2q1q2 − q2
1 − 2qq2 + q2) − ω2

1

ω2
2����

R2

(q − q1)
2

�

= E21 + S�ω2 +
1

2
Mω2

2

�
(2q1q2 − q2

1 − 2qq2 + q2) − R2 (q − q1)
2

�
, (D.3)

with the relaxation energy S�ω2 = 1
2Mω2

2(q1 − q2)
2 from V2(q1) to V2(q2). The two points where a

radiative transition is possible after the Franck-Condon principle are at q1 and q2. Inserting yields

EB(q1) = ǫ12 = E21 + S�ω2

EB(q2) = ǫ21 = E21 + S�ω2 +
1

2
Mω2

2

�
−q2

1 + 2q1q2 − q2
2� �� �

−(q1−q2)2

�
� �� �

0

−1

2
Mω2

1 (q − q1)
2

ǫ21 = E21 − S�ω1. (D.4)
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Figure D.1: Description of a radiative multi-phonon emission process assuming harmonic oscillators with different
vibronic frequencies ω1 and ω2 in a reaction coordinate diagram. The photon energy required to change
from V1 to V2 equals ǫ12 = E21+S�ω2. Due to structural relaxation, the photon emitted in the following
reverse process is smaller, namely ǫ21 = E21 − S�ω1.

Analogously to S�ω2, S�ω1 is defined as the relaxation energy from V1(q2) to V1(q1). A full MPE
process is schematically depicted in Fig. D.1 for quadratic coupling (ω1 �= ω2). In the case of linear
coupling (ω1 = ω2) both relaxation energies coincide.

D.2 Non-Radiative Multi-Phonon Process

When there are no photons available for the transition, the process is called non-radiative multi-
phonon (NMP) process. Now the transition energy from one parabolic minimum into the other
has to be provided by phonons. Due to energy conservation, a classical transition at the points
is possible, where the binding energy is zero. This is the case only at the intersection point1 IP
of (D.1) and (D.2). The value between V1(qIP) = V2(qIP) and either E1 or E2 then specifies the
classical barrier which has to be crossed. Assuming linear coupling, i.e. ω1 = ω2 = ω, yields

qIP =

2(E1−E2)
Mω2 + q2

1 − q2
2

2 (q1 − q2)
. (D.5)

Reinserting (D.5) into (D.2) delivers

V2(qIP) =
1

2
Mω2



2(E1−E2)

Mω2 + q2
1 − q2

2

2 (q1 − q2)
− q2

�2

+ E2

=
1

2
Mω2

�
2(E1 − E2) + Mω2(q2

1 − 2q1q2 + q2
2)

2Mω2(q1 − q2)

�2

+ E2

=
1

2
Mω2

�
2E12 + Mω2(q1 − q2)

2

2Mω2(q1 − q2)

�2

+ E2. (D.6)

1Assuming equal vibronic frequencies ω1 = ω2 yields only one, while ω1 	= ω2 either yields two or no IP at all.
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Figure D.2: Description of defect state transitions by assuming harmonic oscillators with equal vibronic frequency
ω in a reaction coordinate diagram for the NMP model. The transition from one defect system into
another happens at the intersection of the energy curves. Usually one transition is favored, inducing a
preferred defect state. In this case the state V1(q1) will be occupied most of the time.

With the relaxation energy S�ω = 1
2Mω2(q1 − q2)

2 (cf. Fig. D.2), (D.6) can be further evaluated to

V2(qIP) =
1

2
Mω2 (2E12 + 2S�ω)2

4M2ω4(q1 − q2)2
+ E2 =

(E12 + S�ω)2

4S�ω
+ E2. (D.7)

By combining (D.5) and (D.1), V1(qIP) can be written as

V1(qIP) =
(E12 − S�ω)2

4S�ω
+ E1. (D.8)

The forward and reverse rates then read

ǫ12 =
(E12 − S�ω)2

4S�ω
=

(S�ω + E21)
2

4S�ω
, (D.9)

ǫ21 =
(E12 + S�ω)2

4S�ω
=

(S�ω − E21)
2

4S�ω
. (D.10)

In Fig. D.2 all derived quantities are depicted. Again S gives the number of emitted phonons with
an energy of �ω. Their product S�ω reflects the strength of coupling and hence has a huge impact
on the transition rates of the defect states, e.g. a smaller S�ω yields a smaller barrier.
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