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Abstract

Nowadays, computer chips are used in all kinds of industries and applications,
from communication, transport to health care, and are an important part of our
daily lives. The building brick of every computer chip is the transistor, where
advancements in transistor technology have led to smaller and faster chips
than ever before. Transistors are so important and omnipresent that they are
indispensable for keeping our society running.

However, since transistors are getting smaller and smaller and the operation
requirements become more severe, computer chips get more susceptible to
damage. This results in reduced functionality and ultimately may lead to the
failure of the whole computer chip and electronics. Generally, the manufacturers
of electronics aim for transistors to function within the specifications for at least
ten years. Earlier research had a focus on preventing transistor degradation, or
at least minimizing loss in functionality by optimizing material properties, the
fabrication process and in some cases the device or chip architecture.

In addition, when it is possible to (partially) repair the transistors, the damage
is either prevented/reduced or the defects created in the transistor may be
removed completely, resulting in limited and ideally no loss in functionality.
Current lifetime predictions do not take repair into account and the possibility
of healing a transistor may lead to a device that has a longer operating lifetime,
operates at a higher speed and is generally more reliable.

The transistor most commonly used, is the MOSFET (Metal-Oxide-Semiconductor
Field-Effect-Transistor), where the manufacturer aims to have as few defects
present in the device as possible to optimize both the lifetime and operation
use. During fabrication, the gate dielectric (the oxide in MOSFET, in this thesis
SiO2) is deposited on top of a semiconductor substrate (in this thesis Si). Not all
Si atoms at the Si/SiO2-interface can make a bond with atoms in the gate oxide,
leading to dangling bonds. Since these dangling bonds can act as a charge trap
and may distort various operation parameters, an anneal step in an hydrogen
ambient is performed during the fabrication process to passivate the dangling
bonds with hydrogen.

Due to hot-carrier injection, the leading degradation mechanism in MOSFETs
that takes place during operation, hydrogen start to dissociate at the Si/SiO2-
interface, leaving behind defects. This thesis investigates how to repair these
hydrogen-related defects, accelerate the recovery process and go back to the
initial, fresh state of a device. In a product, the hydrogen that is present in the
chip due to the various processing steps can be used to recover the operation
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induced damage. In this thesis we also investigate the impact of supplying extra
hydrogen at various pressures, an effect that mimics the impact of packaging
chips in a H-rich environment.

Generally, the recovery of hot-carrier induced damage depends on the
amount of hydrogen present for repassivation, the anneal time and anneal
temperature. Experiments done in this thesis showed that recovery takes place
at temperatures lower than those during fabrication and that an external supply
of hydrogen will enhance the recovery rate, even at low pressures (mbar). More
recovery was achieved when the hydrogen ambient pressure was increased.
Furthermore, other material considerations, such as a capping layer on top of
the device that may act like a diffusion barrier, influence the effective recovery
rate.

The recovery seems to fit reasonably well with an earlier model of hydro-
gen passivation proposed by Stesmans, in which the passivation rate at the
Si/SiO2-interface can be described in terms of anneal time, anneal temperature,
hydrogen concentration in the device and some material/technology specific
parameters. However, experiments showed that Stesmans’ model does not
show the whole picture. Subsequent cycles of partial degradation/recovery may
lead to a different energy distribution in Si-H bonds, making the recovery of
each degradation/recovery cycle different.

Furthermore, hot-carrier injection may also lead to oxide traps. It was
found that hydrogen-related defects tend to recover faster/more easily than
oxide-related defects. As a consequence, this finding may lead to that after
multiple partial degradation/recovery cycles, damage can be attributed more
and more to oxide-related traps, where the recovery process behaves according
to a different mechanism.

One of the earlier solutions to minimize degradation during the stress
phase was to use deuterium instead of hydrogen as a passivation species. These
silicon-deuterium bonds at the Si/SiO2-interface are more resilient to hot-carrier
stress, which will result in an increased lifetime for the transistor. Experiments
described in this thesis suggest that this is only the case for the first degradation
cycle. The recovery step may use a combination of hydrogen and deuterium to
repassivate the bonds, making the device look more and more like hydrogen
passivated devices after subsequent degradation/recovery cycles.

In conclusion, the recovery rate of a hot-carrier degraded transistor is
influenced by various parameters like temperature and hydrogen concentration.
Various tests have been performed as a first step on the road to a device that
can repair itself. However, to induce healing in commercial chips, some of the
requirements are that the recovery enhancements should be done internally (no
external supply) and at the operation temperature, so that it would not damage
the other internal structures of the chip. This would make a self-healing chip
viable, that can recover at normal operating temperatures, ultimately leading
to a more reliable and potentially faster device.



Samenvatting

Computerchips worden tegenwoordig gebruikt in allerlei industrieën en toepas-
singen, van communicatie, transport tot gezondheidszorg. Ze zijn een belangrijk
onderdeel van ons dagelijks leven. De bouwsteen van elke computerchip is de
transistor, waar technologische ontwikkelingen in de transistor hebben geleid
tot kleinere en snellere chips dan ooit tevoren. Transistors zijn tegenwoordig
zo belangrijk en alomtegenwoordig dat ze onmisbaar zijn om onze samenleving
draaiende te houden.

Omdat transistors steeds kleiner worden en er meer van ze wordt gevraagd,
zijn ze ook kwetsbaarder geworden voor beschadigingen. Uiteindelijk kan
dit leiden tot het uitvallen van de hele computerchip en hierop volgend, de
elektronica. Fabrikanten van elektronica streven ernaar om een levensduur van
tenminste 10 jaar te garanderen. Een belangrijk onderdeel van ontwikkelingen
op het gebied van transistors is het voorkomen danwel minimaliseren van
beschadigen in transistors.

Wanneer het mogelijk is om de transistors te repareren en beschadigingen
of defecten te verwijderen, dan zou een transistor weer als nieuw zijn. De
mogelijkheid om een transistor te repareren kan leiden tot een computerchip
dat een langere levensduur heeft, met een hogere snelheid werkt en over het
algemeen betrouwbaarder werkt.

De MOSFET (Metaal-Oxide-Halfgeleider Veld-Effect-Transistor) is de meest
gebruikte transistor, waarbij de fabrikant een chip met zo min mogelijk defecten
probeert op te leveren, om de levensduur en het gebruik van de chip te
optimaliseren. Een van de problemen die zich kan voordoen tijdens de fabricage
van een MOSFET, wanneer het gatediëlektricum (het oxide in de MOSFET, in
dit proefschrift SiO2) wordt gedeponeerd bovenop het halfgeleidersubstraat
(in dit proefschrift Si): niet alle Si-atomen in het Si/SiO2-grensvlak kunnen een
binding maken met atomen in het gateoxide, wat leidt tot halfgebonden Si-
atomen. Aangezien deze halfgebonden bindingen als een ladingsval kunnen
dienstdoen, kunnen ze de transistorparameters verstoren en is het nodig om
een na-verhittings stap uit te voeren om de halfgebonden bindingen te binden
(passiveren) met waterstof.

Hete-ladingsdrager injectie, een van de degradatiemechanismes die tijdens
gebruik kan plaatsvinden, kan ertoe leiden dat het waterstof begint los te
laten van de Si-atomen, waardoor Si-defecten worden geïntroduceerd. In
dit proefschrift wordt onderzocht hoe deze waterstof gerelateerde defecten
kunnen worden hesteld, hoe het herstelproces kan worden versneld en hoe de
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transistor terug kan gaan naar de oorspronkelijke staat. Voor het herstelproces
kan waterstof worden gebruikt dat al in de gate-stack aanwezig is vanwege
verschillende fabricageprocessen waarbij waterstof betrokken is.

In het algemeen is het herstelproces afhankelijk van de aanwezige waterstof
en van de temperatuur. Experimenten die in dit proefschrift zijn beschreven,
hebben aangetoond dat herstel plaatsvindt bij temperaturen die lager zijn dan
tijdens fabricage en dat een externe toevoer van waterstof de herstelsnelheid zal
verhogen, zelfs bij kleine hoeveelheden. Een groter herstel werd geobserveerd,
wanneer de waterstofomgevingsdruk werd verhoogd. Bovendien kunnen andere
materiaaloverwegingen, zoals een afdeklaag bovenop de transistor die dienst kan
doen als een diffusiebarrière, van invloed zijn op de effectieve herstelsnelheid.

Het herstelproces lijkt goed te kunnen worden beschreven met behulp
van een eerder, door Stesmans voorgesteld, model van waterstofpassivering.
Experimenten toonden echter ook aan dat het model van Stesmans niet alles
beschrijft. Opeenvolgende cycli van gedeeltelijke degradatie/herstel kunnen
leiden tot een andere energieverdeling in Si-H-bindingen, waardoor het herstel
van elke degradatie/herstelcyclus anders is.

Bovendien kan de injectie van hete-ladings dragers leiden tot oxidedefecten.
Experimenten lieten zien dat waterstofgerelateerde defecten zich sneller en
gemakkelijker laten herstellen dan oxidegerelateerde defecten. Dit suggereert
dat na meerdere gedeeltelijke degradatie/herstelcycli, de schade in de transistor
meer en meer kan worden toegeschreven aan oxidegerelateerde defecten,
waar het herstelproces zich gedraagt volgens een ander mechanisme dan voor
waterstofgerelateerde defecten.

Een van de eerdere oplossingen om degradatie tijdens de stressfase tot
een minimum te beperken, was het gebruik van deuterium in plaats van wa-
terstof als passiveringsmiddel. Deze waterstofisotoop is beter bestand tegen
stress door hete-ladingsdragers en de transistor heeft een langere levensduur.
Experimenten in dit proefschrift hebben aangetoond dat dit alleen het geval
is voor de eerste degradatiecyclus. Bij de herstelstap wordt een combinatie
van waterstof en deuterium gebruikt om de bindingen opnieuw te passiveren,
waardoor de transistor na opvolgende degradatie/herstelcycli steeds meer op
een waterstofgepassiveerde transistor gaat lijken.

De conclusie kan worden getrokken dat de herstelsnelheid wordt beïnvloed
door verschillende electrische parameters zoals temperatuur en waterstofcon-
centratie. Door middel van verschillende experimenten is de eerste stap gezet
naar een transistor die zichzelf kan repareren. Om het herstelproces in commer-
ciële chips uit te voeren, moeten de reparaties echter intern worden uitgevoerd
(geen externe waterstoftoevoer) en bij lagere temperaturen die de rest van de
chip niet beschadigen. Als dit te verenigen is in transistors, dan zou een zelfher-
stellende chip mogelijk zijn, die kan herstellen bij normale operatietemperaturen,
wat uiteindelijk leidt tot een betrouwbaardere computerchip.
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CHAPTER 1
Introduction

The evolution in microprocessors and transistors technology has led to many
changes in society and a world that cannot be envisioned without the use of
transistors. From the mundane, like a coffee machine, to the growing field
of computer-assisted, completely autonomous driving cars, transistors have
become more and more ubiquitous and an important tool to make everything
in society work.

Just as any other tool that is used, microprocessors can get damaged and
break down over time. The durability of transistors is determined by how often
and under what conditions they are used. Generally, the manufacturer aims for
an expected lifetime of around ∼10 years of continuous operation, e.g. see [1].
The lifetime will be reduced if they are used more than expected or if more
is asked of them than expected (e.g. overclocking, more extreme operation
conditions).

Earlier research has focussed to minimize the number of defects in transistor
devices during the fabrication process, where the aim is to have as small a risk
as possible to breakdown [2, 3]. Although the number of defects is minimized
during fabrication, failure and breakdown can take place before the expected
end-of-life is reached. Right after fabrication, devices may show a higher failure
rate (infant or early end-of-life failures), which may be explained by material
variations introduced during the fabrication processes. Most devices with infant
failures can be eliminated right after fabrication if a testing phase is used (burn-
in), wherein devices susceptible to early stress are identified and removed before
they are sold commercially.

Random failures can take place in a device during its useful lifetime and
these failures tend to have a constant failure rate. Lastly, over time, intrinsic
degradation mechanisms start to take place, which lead to wear-out failure. The
different stages of failure mechanisms are shown in Figure 1.1, where the shape
of the cumulative failure can be described by the so-called Bathtub curve [3].
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The various degradation mechanisms will lead to structural changes at
device level and may lead to oxide breakdown. E.g. Hot-Carrier Injection (HCI),
Bias Temperature Instability (BTI), Stress-Induced Leakage Current (SILC) and
Time-Dependent Dielectric Breakdown (TDDB) [4]. SILC and TDDB may lead to
various oxygen-related defects in the gate dielectric, which may subsequently
lead to soft or hard breakdown. The degradation mechanisms related to the
topic of this thesis, HCI and BTI, could cause hydrogen related defects at
the Si/SiO2-interface between the substrate and the gate dielectric as well as
defects in the gate dielectric (oxide related traps, (de-)charging). These kinds of
degradation mechanisms are responsible for the wearout defects of Figure 1.1.
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Figure 1.2: The trend of various microprocessor components/parameters over
time. Transistors (thousands) is in orange and Processor Frequency (MHz) is in
Green. Image by Karl Rupp [5].
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The evolution of transistors moves to smaller and faster devices, which
tend to go hand in hand with a higher susceptibility to degradation mechanisms.
Due to the necessity of balancing fast, small and reliable microprocessors,
some parameters that define microprocessors have started to flatten out over
time, see Figure 1.2. Degradation and the creation of new defects are then
at a manageable level during its operational life. Completely circumventing
degradation is however not possible.

When something breaks down, from coffee machines to cars, it is often
possible to repair them and extend their lifetime. Similarly, research in differ-
ent fields has been done to investigate self-repair and self-healing in certain
materials, e.g. concrete and polymers [6, 7], extending the time to failure.
Similar to microelectronics, when defects in transistors can be repaired, whether
completely or partially, it would be beneficial for both the lifetime and the
performance of a device. Depending on how and how often the repair step
can be executed, certain physical limitations due degradation mechanisms may
diminish, can be ignored if different degradation mechanisms take over the
leading role in lifetime predictions, or will completely disappear. This would
lower the wearout failures of Figure 1.1, lowering the failure curve and it would
eventually lead to a self-healing transistor.

Problem Statement

The main objective of this thesis is the investigation of various methods to
induce and enhance the recovery rate of hydrogen-related defects at the
Si/SiO2-interface in devices, that have been electrically degraded by hot-carrier
injection. This is done in the pursuit of creating a self-healing device [8] that has
an infinite (or at least extended) lifespan due to various recovery mechanisms
that remove/repair hydrogen-related defects.

Recovery in a single transistor using an external source would lead to
practical problems when it is scaled up to 109s of transistors that are present in
a single microprocessor (Figure 1.2). Ideally, a transistor can be made that has
all the materials and recovery mechanisms present internally and no outside
material or recovery method needs to be applied to the device to repair the
damage. In this thesis, various experiments have been done to investigate
what has a positive or negative influence on the recovery rate of hot-carrier
degraded devices.

Thesis Outline

In Chapter 2, Device Characteristics and Characterization, the basic operations
of a MOSFET device and the various methods of parameter extraction are
discussed. The threshold voltage, linear drain current, transconductance and
subthreshold voltage are determined using IV -measurements. The charge-
pumping method and how it can be used to determine the interface defect
concentration will be explained. Lastly, some considerations that had to be
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taken into account due to constraints of the experimental setup will be men-
tioned as well as the influence of temperature on the measurement process.

In Chapter 3, The Role of Hydrogen, the role of hydrogen in the device and
at the Si/SiO2 interface will be discussed. Furthermore, the various ways fabri-
cation materials may affect the hydrogen concentration and transport will be
addressed.

In Chapter 4, Degradation, the theoretical background of various degrada-
tion mechanisms that may take place will be discussed. The main focus in
this thesis is degradation by hot-carrier injection which will be discussed most
extensively. Other degradation mechanisms that may affect the devices under
study will also be addressed. I.e. BTI, which may also take place when a device
is stressed under the used HCI stress conditions, as well as some oxygen-related
defects, which may have similarities with degradation caused by SILC and TDDB.
Another topic addressed in this chapter is annealing and exposure to plasma,
which might have a positive influence on the recovery rate but can also induce
degradation in the device under certain circumstances.

In Chapter 5, Enhancing Recovery, recovery of hot-carrier induced degradation
is discussed in combination with various methods and conditions that may affect
the recovery rate. Various experiments have been done to investigate the
effect of bias during recovery, exposure to light, gate length, cooling rate after
anneal, anneal temperature and various ambients (Hydrogen, Nitrogen, Plasma).
The main anneal temperature of interest was around Ta = 150 − 200 ◦C,
the temperature where roughly 50% recovery takes place within a reasonable
timescale (maximum of ∼2 weeks). This way, both the positive and negative
influence on the recovery rate can be investigated.

In Chapter 6, Recovery: Fast versus Slow Traps, the degradation and recov-
ery behavior of hydrogen-related interface defects in combination with other
(oxygen-related) bulk defects are discussed. Hot-carrier injection was used to
induce degradation, and recovery was induced by annealing in air on a ther-
mochuck.

In Chapter 7, Influence of the Stress Phase on the Stress/Recovery Cycles, the
isotope effect and the effect of multiple degradation/recovery cycles will be
discussed. Experiments have been done to investigate what happens during
the recovery phase of a deuterium-passivated device and if the frequency of
degradation/recovery cycles, i.e. the time per cycle, influences on the cumulative
lifetime of a device.

The final conclusions and recommendations will be given in Chapter 8.



CHAPTER 2
Device Characteristics and

Characterization

This chapter provides an overview of the theoretical background of the MOSFET
and the various characterization techniques that have been used to identify
the role of hydrogen in the reliability of a device. In 1959 Mohamed M. Atalla
and Dawon Kahng manufactured the first metal-oxide-semiconductor field-
effect transistor (MOSFET) [9] by combining the growth of a metal gate on
top of a silicon dioxide layer on a silicon (semiconductor) substrate with two
pn-junctions. Earlier contributors to variants of the FET (e.g. Lilienfeld) had
difficulty with the fabrication of a good quality semiconductor and interface.
However, improvements in crystalline silicon and the thermally grown oxide
layer on top ensured that the number of defects at the Si/SiO2-interface reduced
significantly, enough to ensure the fabrication of a reliable transistor.

Since the silicon substrate is crystalline and the gate oxide is amorphous,
not all defects can be removed at the interface and a significant number of
dangling bonds will still be present. The number of dangling bonds reduced
even further in the next generations of MOSFET, after an anneal in hydrogen
forming gas was introduced, which passivated more of the dangling bonds at
the interface, see Chapter 3. Figure 2.1 shows the schematic representation of
a four-terminal MOSFET device, with the four terminals: bulk/substrate, source,
drain and the gate.

2.1 Current-Voltage Behavior

This section describes the IV -behavior of a MOSFET, specifically an nMOSFET.
A short overview will be given on how to characterize a MOSFET [2, 10] and
acquire the parameters of interest to investigate the reliability of a device.
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Figure 2.1: Schematic cross-section of a MOSFET.

2.1.1 Device

When a MOSFET is turned on and current flows from the source to the drain,
there are two main operation regimes. When the gate-source voltage (Vgs)
is increased, minority charge carriers will be introduced in the bulk and the
MOSFET moves via depletion to weak inversion and eventually strong inversion.
The current behavior is shown in Figure 2.2 on a linear and logarithmic scale
for both regimes, separated by a transition regime where the device goes from
weak into strong inversion. The transition occurs when Vgs becomes higher
than the threshold voltage (Vt). The strong inversion regime can be in the linear
or saturation regime, depending on the applied drain-source bias [2, 10--12].

Subthreshold regime

The subthreshold regime is the weak inversion regime, where the applied gate-
source voltage is not sufficient to induce strong inversion (Vgs < Vt). The left
side of Figure 2.2 shows the subthreshold regime, where the drain current, Id,
increases as a function of Vgs. The drain current depends exponentially on the
gate-source voltage and can be described by the equation:[13, 14]

Id =
µW

L
(Cox + Cdep + Cit)(

kbTm

q
)2×

exp

„
Cox

Cox + Cdep + Cit

q(Vgs − Vt,0)

kbTm

«„
1− exp(− qVds

kbTm
)

«
.

(2.1)

where Vt0 is the threshold voltage when there is no drain-source and bulk-source
bias (Vds = Vbs = 0), µ is the charge carrier mobility, Tm is the measurement
temperature, Cox is the oxide capacitance per unit area, Cit is the fast interface
defects capacitance per unit area and Cdep is the capacitance of the depletion
layer per unit area defined by:

Cdep =

s
»SiqNA

2(ffis − Vbs)
, (2.2)
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Vds = 0.1 V

Tm = 25 °C

Weak inversion:
Subthreshold
Regime

Strong inversion:
Linear/Saturation 
Regime

Transition
regime

Figure 2.2: A typical IV -curve of an nMOSFET in the linear regime on linear
(right) and logarithmic scale (left). The color schemes indicate the transition from
weak inversion (yellow) to strong inversion (red) (Wg = 10.0 µm, Lg = 0.5 µm
and tox = 7 nm).

where Na is the acceptor doping in the channel region, ffis is the surface potential
and »Si is the dielectric constant of silicon. Equation 2.1 gives a good quantitative
description of the drain current in the subthreshold regime, however, it will not
be completely accurate. Due to various effects, there may be a deviation, e.g.
µ is not constant and will change if a higher Vgs is used due to charge carrier
collision with the Si/SiO2-interface by the changing transversal electric field [15].

Subthreshold Swing

The subthreshold swing (SS) can be defined in the subthreshold regime. It
indicates the increase in Vgs needed to increase Id one order of magnitude
in the subthreshold regime, i.e. how easily a device can be turned on/off.
At room temperature, the subthreshold swing will be in the order of SS =

70− 100 mV/dec. Using Equation 2.1, the subthreshold swing can be described
by [16]:

SS = ln(10)
kbT

q
(1 +

Cs + Cit

Cox
);

= ln(10)
kbT

q
(1 +

Cdep + Cit

Cox
),

(2.3)

where it is assumed that the capacitance in the channel per surface area (Cs)
can be neglected in the depletion regime. In this thesis, the subthreshold swing
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is extracted from the IV -curves by taking two Id values in the subthreshold
regime:

SS =
∆Vgs

∆log(Id)
=

Vgs,high − Vgs,low

log(Ihigh(Vgs,high))− log(Ilow(Vgs,low))
. (2.4)

Linear regime

The linear regime (right in Figure 2.2) is when the drain-source voltage is
Vds < Vgs − Vt. Under this condition, it is assumed that the charge in the
channel is uniformly distributed, where the total charge in the channel is defined
as:

Qchannel = Cox(Vgs − Vt), (2.5)

where Cox depends on the gate thickness, tox and the dielectric constant in the
gate oxide, »ox via:

Cox =
»ox

tox
. (2.6)

The total current at the drain can then be calculated by:

Id = QchannelWgµEds. (2.7)

Using the lateral electric field in the channel between the source and drain
(Eds = Vds=Lg) and average potential ( Vds

2 ), the drain current in the linear regime
can be described as:

Id = µ
W

L
Cox

„
Vgs − Vt −

Vds

2

«
Vds. (2.8)

Equation 2.8 is valid under small Vds conditions (Vds < Vgs − Vt) and a long
channel MOSFET shows a linear dependence on Vgs, where a higher Vgs result
in a higher electron concentration and a higher Vds in a higher lateral field.

Saturation regime

When the drain-source voltage is increased while keeping Vgs − Vt constant,
Equation 2.8 changes. When the Vds is increased above a certain level (Vds =

Vds,sat), the gate-source voltage is not sufficient enough to induce strong inversion
in the channel near the drain. The effective channel length is based on the
distance between the source and the point where strong inversion cannot be
induced anymore: pinch-off. Since Equation 2.8 is based on the channel length,
the effective channel length decreases (Lg,eff < Lg). Between the pinch-off point
and the drain a region in depletion is induced, where the charge carriers do
not gain a higher group velocity above the saturation voltage, regardless of the
lateral electric field. The drain-source voltage or the saturation voltage where
pinch off takes place is defined as:

Vds,sat = Vgs − Vt. (2.9)
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Saturation of the drain current results in a drain current of: Id,sat =

Id,lin(Vds = Vds,sat). Combining Equation 2.9 and Equation 2.8, the drain current
in the saturation regime can be found (Equation 2.11).

The drain current in the two post threshold regimes can be summarized in
the Square Law Model for MOSFET drain current as:

Id = µCox
Wg

Lg
(Vgs − Vt −

Vds

2
)Vds |Vgs > Vt; Vt, Vds < Vds,sat; (2.10)

Id = µCox
Wg

2Lg,eff
(Vgs − Vt)

2 |Vgs > Vt; Vt, Vds > Vds,sat. (2.11)

All parameters and the characterization from the IV -curve are summa-
rized in Figure 2.3, where the points, SSmin and SSmax, used to calculate the
subthreshold swing are shown in red (Equation 2.4), and how the point of gm,max

(Figure 2.4) is used to find the threshold voltage using the extraction from the
linear regime method.

Vt gm,max

SSmax

SSmin

Id,lin

Figure 2.3: IV -behavior on log and linear scale to determine the subthreshold
swing (red), the linear drain current at Vgs = 2.0 V (purple), the threshold
voltage (blue) using the position of the maximum transconductance (green).

Transconductance

To measure the threshold voltage in this thesis, the extraction from the linear
regime (ELR) method is used, which uses the point of maximum transconduc-
tance in the IV -curve. The transconductance or mutual conductance, gm is
used as a measure for the relation between the flux of charge carriers in the
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channel and the gate-source voltage. The transconductance for long-channel
devices can be calculated by taking the derivative of the drain current, or the
derivation of Equation 2.8 and Equation 2.11 to Vgs:

gm =
@Id,lin

@Vgs
= µ

Wg

Lg
CoxVds |Linear Regime; (2.12)

=
@Id,sat

@Vgs
= µ

Wg

Lg,eff
Cox(Vgs − Vt) |Saturation Regime. (2.13)

Equation 2.12 and Equation 2.13 describe the transconductance in different
regimes, but assumes that the various parameters do not change in the transition
regime [17]. Figure 2.4 shows the transconductance from Figure 2.2 as a function
of Vgs. The maximum transconductance of this device can here be found at
Vgs = 1 V, gm,max ≈ 350 µA/V.

Figure 2.4: The transconductance gm as a function of the gate-source voltage
of Figure 2.2.

Since various threshold voltage extraction methods result in different Vt

values (even if the same dataset/transistor is used) [18], only one extraction
method is used in this thesis (ELR) [18]. The extraction method uses the linear
extrapolation from the Id-Vgs curve from the point of maximum transconduc-
tance (gm,max) to the intercept with the Vgs axis (where Id = 0). Combining
Equation 2.8 and Equation 2.12, Vt can then be found by subtracting Vds

2 from
the found Vgs of the intercept.
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Threshold voltage

The threshold voltage is the parameter that denotes the transition regime, or
when a device goes from weak into strong inversion and the device is turned
on [2]. When a bulk-source bias, Vbs is applied (the depletion region would
change) and the effect of the difference in work function or the contribution of
fixed oxide charges to Vt are taken into account, the general equation for the
threshold voltage can be found:

Vt = Vfb + 2ffib +

p
2q»SiNs(2ffib + Vbs)

Cox
, (2.14)

where the bulk potential is denoted by ffib. To compensate for potential oxide
charge, the flat band voltage, Vfb, is included, which is defined as:

Vfb = ffims −
Qf + Qm + Qot + Qit

Cox
, (2.15)

where ffims is the work function difference between the metal and the silicon,
Qf is the total fixed charge in the gate oxide, Qm is the total mobile charge in
the gate oxide, Qot is the total charge due to the oxide/border traps and Qit is
the total charge due to the interface states.

2.1.2 Temperature Dependency

The IV -behavior of a MOSFET is strongly affected by the measurement tem-
perature, Tm [19]. Figure 2.5 shows the IV -curves of a fresh, undegraded device
measured at different temperatures. When the various parameters are ex-
tracted, a temperature-dependent shift can be observed (see e.g. Equation 2.3
and Equation 2.1).

Figure 2.6 shows the temperature dependence of the various parameters.
A higher Ta will cause a negative shift in ∆Vt, ∆gm and ∆Id,lin and a positive
∆SS. When these parameters are compared to the values after degradation
and recovery at different temperatures, the measurement temperature has to
be taken into account. I.e. the shift of the parameters due to Tm competes
with the shift due to degradation or recovery.

2.1.3 Degradation

Degradation (recovery) of a device will increase (decrease) in the subthreshold
swing (Equation 2.3) and is indicative of the number of interface defects that are
created (recovered). Similarly, degradation (recovery) will result in a decrease
(increase) of the transconductance in the linear regime (Equation 2.12). Similar
to the transconductance, the drain current (Equation 2.8 and Equation 2.11)
in subthreshold, linear and saturation regime will decrease (increase) due to
degradation (recovery).

Since the threshold voltage calculated by the ELR method uses the maximum
slope of the Id-Vgs curve, the curve will deviate when the transconductance and
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Vds = 0.1 V

Figure 2.5: The IV -behavior of a fresh, undegraded device as the function of
the measurement temperature on linear (top) and logarithmic (bottom) scale.
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Figure 2.6: The dependence of Vt (top-left), SS (top-right), gm,max (bottom-left)
and Id,lin (bottom-right) as a function of Tm.
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the drain current start to shift due to degradation (recovery). As a consequence,
the threshold voltage is strongly influenced by defects and mobility degradation
due to an increase in coulomb scattering [20], inducing a positive (negative)
shift when degradation (recovery) takes place. Furthermore, when due to
degradation mechanisms more interface defects are introduced, the various
regimes in the IV -curve start to shift, the various parameters values will shift,
which may eventually lead to device/circuit breakdown.

Although some variability in the shift in Vt [21] exists after degradation
by HCI and BTI, the shift in the threshold voltage is directly related to the
introduction of new interface defects, when is assumed that the other defects
of Equation 2.15 do not play a significant role:

∆Vt = ∆Vt,it = −∆Qit

Cox
→ (2.16)

∆Nit ∝ ∆Vt. (2.17)

The shift in the threshold voltage is related to the number of created/recovered
interface defects according to Equation 2.17. Although the threshold voltage
(and other parameters) are indicative of the number of hydrogen-related inter-
face defects (as described above), trapped charges, bulk (oxide) defects (∆Not)
and other defects may influence the measurement and distort the (calculated)
number of interface defects. This raises the question of whether this relation
can be used and will be further experimentally investigated in Chapter 6. The
charge-pumping method can be used to only measure interface states and will
be discussed in the next section.
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2.2 Charge Pumping

An easy approach to characterize a device was described in Section 2.1, however,
the method does not differentiate easily between different defects (Equation 2.15).
A more direct approach to measure the defect density at the interface (Nit)
accurately is the charge-pumping (CP) method, which correlates the substrate
current directly to the interface defects.

2.2.1 Theory

The CP-method was first proposed in 1969 by Brugler and Jespers as a method
to relate the number of defects at the Si/SiO2-interface to the current measured
at the substrate [22]. Groeseneken et al. published in 1984 a paper with the
theoretical explanation and background of the process [23], making the CP-
method a reliable, direct and easy method to measure the interface defect
density.

The method consists of applying voltage pulses to the gate and switching
the MOSFET between inversion and accumulation. During inversion, minority
carriers (electrons for nMOS) will flow from the source and drain into the channel
region. Some of these charge carriers get trapped in defects at the interface.
When the device is then pulsed back from inversion into accumulation, the
mobile charges will drift back to the source and drain, while the trapped charges
will recombine with the majority carriers (holes for nMOS) [23]. This leads to a
net (dc) current towards the channel, which can be measured at the substrate.
The CP process and experimental setup are schematically visualized in Figure 2.7.
When the device is in inversion (Vg,h > Vt, blue) minority carriers are injected
in the channel from the source and drain and get trapped in defects. When the
device is pulsed into accumulation (Vg,l < Vfb, red), majority carriers recombine
with the trapped charges, resulting in the bulk current.

Assuming that all interface defects will act as a recombination center for
the charge carriers and that the remaining minority carriers will flow back into
the source and drain, the total charge attributed to the CP-method, Qcp, is
defined as:

Qcp = Ag · q
Z
Dit(E)dE, (2.18)

where Ag is the gate area of the MOSFET (Ag = Wg · Lg), q is the elementary
charge and Dit is the interface defect density per unit area at energy level E.
Note: in this equation it is assumed that other types of defect do not play a
role, see Equation 2.26.

The three main CP-methods are Method A: the constant voltage amplitude
method, Method B: the constant voltage base (Vg,l) method (Vg,l always in
accumulation) and Method C: the constant voltage top (Vg,h) method (Vg,h

always in inversion).
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Keithley 4200-SCSPGU

Figure 2.7: Summary of the CP method. Blue: Vg,h is above Vt and minority
charge carriers are injected into the MOSFET from the source and the drain.
Red: Vg,l is below Vfb. The majority charge carriers recombine with the trapped
charges resulting in a current proportional to the number of defects that can
be measured at the substrate.

Method A is shown in Figure 2.8 as a function of Vg,l, where the pulse
amplitude Va is kept constant. At the left (right), Vg,l is low (high) enough to keep
the substrate in accumulation (inversion) over the whole Va, so no change takes
place when the pulse switches from high to low or vice versa (a and e). When Vg,l

is lower than Vfb and Vg,h is higher than Vt, the device shifts between complete
accumulation and inversion. Minority carriers are created and are trapped in
the interface defects during the inversion phase. During accumulation, majority
carriers will arrive at the interface and recombine with the trapped minority
carriers, resulting in a substrate current (Icp), where the maximum current is at
c.

The CP current depends proportional to the number of defects that can
act as a charge trap and recombination center at the interface, Nit. Using
Equation 2.18, the direct relation between Icp, the frequency of pulses (fcp) and
the interface defect density can be found:

Nit =
Icp

fcp · Ag · q
. (2.19)

The IV -behavior of Method B and Method C are shown in Figure 2.9.
Maximum Icp of Method B occurs when Vg,h > Vt. Maximum Icp of Method C
occurs when Vg,l < Vfb. Both methods have some advantages compared
to Method A, e.g. information on bandgap and the spatial distribution of
defects, [24] or information on defects in a high-» dielectric [25, 26], however,
both methods assume that Icp,max saturates. Constraints due to non-localized
defect generation/repair of multiple defects (oxide) (see Section 4), Icp does not
saturate under the experimental conditions in this thesis. Under the assumption
that the spatial location of the interface defects is not the main focus of this
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(a) (b) (c) (d) (e)

Icp,max

VfbVt - Va

I cp

Vg,base

Vt

Vfb

Figure 2.8: Charge pumping current due to the voltage pulse applied to the gate.
When the device is pulsed between accumulation and inversion (c), a current
proportional to the number of defects that can act as a recombination center
can be measured. Image based on [23]

thesis, but the total degradation, and oxide defects are distinguished using the
CP-frequency (see Section 2.2.3), Method A is chosen in this thesis for data
analysis purposes to compare the levels of degradation/recovery of various
devices. Note that a combination of Method A with Method B or Method C will
result in more extensive approximations on the recovery behavior of interface
and oxide traps.

2.2.2 Charge (de-)trapping

The trapping time of charge carriers in the defects can be described by the
Shockley-Read-Hall model [27, 28], where the time constants for capture and
emission of charge carriers can be described by [22]:

fic =
1

ffe=h�thns
, (2.20)

where ffe=h is the capture cross section of electrons/holes, ns is the surface
concentration of minority/majority carriers and �th is the thermal velocity of
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(a) (b) (c)

Vt - Va

I cp

Va

Vt

Vfb

(d) (e)

Vfb

Figure 2.9: Charge pumping current due to the pulse applied to the gate.
When a device switches between accumulation and inversion (c), a current
proportional to the number of defects that can act as a recombination center
can be measured ((a) and (e)).

the charge carriers defined as:

�th =

s
3kbT

mn
, (2.21)

where mn is the effective mass of an electron. To contribute to the CP current,
the defects need to trap the charge carriers for sufficient time. Due to thermal
emission, traps that are too close to the valence or conduction band will de-trap
immediately when the voltage pulse moves the Fermi level below Eem,h or above
Eem,e and do not contribute to Icp. The energy levels between which defects
can act as a recombination center and contribute to Icp, are defined by:

Eem,e = Ei − kbT ln(vthffenitem,e + exp

„
Ei − Ef,inv

kbT

«
); (2.22)

Eem,h = Ei − kbT ln(vthffhnitem,h + exp

„
Ei − Ef,acc

kbT

«
), (2.23)

where ni is the intrinsic carrier density, tem,e=h is the emission time for electrons
and holes when the device is in a non-steady state after pulsing the device. The



18

2.2.
C

H
A

RG
E

PU
M

PIN
G

emission times are defined as:

tem,e =
|Vfb − Vt|

Va
tf ; (2.24)

tem,h =
|Vfb − Vt|

Va
tr, (2.25)

where tr=f are the rise and fall time of the voltage pulse applied to the gate.
The total period of one pulse is defined by the pulse frequency via Tp = 1

fcp
.

When the device switches from accumulation into inversion, the time from Vfb

to Vt is the hole emission time (tem,h). Similarly, when a device switches from
inversion into accumulation, the electron emission time is tem,e [29]. The various
parameters of the waveform are visualized in Figure 2.10.

tftrtl

th

Vg,l

Vg,h

Va

Tp

Vt

Vfb

tem,h tem,e

Figure 2.10: Voltage pulse to the gate during the charge pumping measurement.
Image based on [30].

Geometric Component

The gate length affects how far the charge carriers have to travel before reaching
a recombination center [31]. If during switching the pulse (from inversion to
accumulation) and the rise/fall time (see Figure 2.10) is not sufficient to ensure
that all untrapped minority charge carriers flow back to the source or drain, they
may recombine with the majority carriers. This results in a parasitic component
to the Icp: the geometric component [32] (Icp,gc). This mainly occurs in older
generations of devices with larger gate dimensions and when W � L, the
geometric component can usually be neglected [22, 23].

Since ∆Icp due to degradation/recovery is of interest (instead of Icp), the
same tr=f is used for different frequencies and the devices are small enough,
Icp,gc should be negligible. For the experiments in this thesis tr=f = 10 ns is used
for all frequencies and device areas. Because the rise and fall time are chosen
to be identical over all frequencies, tr=f

Tp
will increase for higher frequencies,

however, this will have a negligible effect even at the highest used frequency of
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fcp = 3 MHz, since the rise/fall times will be at most ≈ 6% of the total period
time.

2.2.3 Frequency Dependency

When the devices are pulsed with a higher frequency, the amount of total
recombinations that can take place increases, increasing the total charge
pumping current according to Equation 2.19. When Icp acquired at different
frequencies is compared, the charge per cycle needs to be compared, or Icp

fcp
,

relating the measurement to Equation 2.18. Since the CP-current consists of
the contribution from all recombination centers (Icp,rc), interface traps and
border/oxide traps, the CP current can be described as:

Icp = Icp,rc = Icp,it + Icp,ot. (2.26)

Figure 2.11: Schematic visualization of the Ncp dependency in arbitrary units on
Nit and Not.

A higher pulse frequency will result in less time per pulse spent in accu-
mulation or inversion. Traps with lower trap/emission constants do not have
enough time to ensure recombination of minority and majority charge carriers,
mainly if the traps reside further away from the channel, i.e. deeper in the
gate oxide, e.g. oxygen-related border traps [30]. This frequency dependency is
responsible for the behavior schematically visualized in Figure 2.11 when both
shallow interface defects and deeper oxide traps are present. The number of
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defects that can act as a recombination center and contribute to Icp will drop
when the frequency is high enough. At lower frequencies both the Icp,it (blue)
and Icp,ot (green) contribute to Icp (red). At higher frequencies (fcp ≥ 1 MHz)
Icp,ot drops [33], while the decrease in Icp,it is negligible and Icp,it is in line with
Icp,rc.

When the defect density is calculated according to Equation 2.19, Nrc con-
sists of two terms, Nit and the oxide trap defect density, Not. In this thesis
Equation 2.19 is thus changed to:

Nrc = Nit + Not =
Icp

q · Ag · fcp
, (2.27)

whereNrc is the density of defects that can act as a recombination center [34, 35].
At higher frequencies, when the contribution due to Not has dropped and Nrc

starts to approach ≈ Nit.
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2.2.4 Temperature Dependency

Using Section 2.2.1, Section 2.2.3 and Section 2.2.2, the general equation for the
charge pumping current is described as [23]:

Icp = 2qDitf AgkbT

„
ln
`
vthni
√
ffnffp

´
+ ln

„
|Vfb − Vt|
|Va|

√
tftr

««
. (2.28)

In addition, the emission time of trapped charges in defects is strongly
dependent on the temperature [23, 36, 37] and can be described by:

tem,e=h ∝ exp(
Eb

kbT
). (2.29)

Charge carriers will de-trap faster from defects at a higher temperature,
before they can recombine and contribute to Icp, resulting in a lower Icp.
Figure 2.12 shows the temperature dependency of both Equation 2.28 and
Equation 2.29 on temperature, where a decrease is measured in Icp of an
undegraded device when the measurement temperature is increased from
Tm = 25 ◦C to Tm = 85 ◦C.

Figure 2.12: Charge pumping current as a function of gate-source voltage at the
bottom of the pulse (Vg,l), measured at fcp = 30 kHz of a fresh device measured
at two different measurement temperatures.
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2.3 Measurement process

To measure the effect of annealing on the recovery rate of the electrically
degraded devices, various measurement methods were used in this thesis.
Usually, a 5-step method (MSM(AM)-method) is used:

1) Measurement of a fresh, undegraded device

2) Stressing of the device

3) Measurement of the degraded device

4) Anneal or recovery step is performed on the device

5) Measurement of the recovered device

Step 1: Measures the non-offset value of the device as reference (i.e. Vt(ts = 0)).
Step 2: Induces a parameter shift as a function of the stress time (e.g. ∆Vt(ts)).
Step 3: Measures the maximum parameter shift and the maximum degradation.
Step 4: Enables recovery by applying a temperature treatment, possibly in
combination with a bias or an ambient.
Step 5: Measures the device again to observe how much recovery (if any) was
induced.

Variations of the MSM(AM)-method used in this thesis are shown in Fig-
ure 2.13. Method A consists of several anneal/recovery cycles on the same device,
where each subsequent anneal is at a higher temperature (Tn > T3 > T2 > T1),
under the assumption that negligible recovery takes place at room temperature.
Each anneal results in more recovery due to a longer cumulative ta, but mainly
due to a higher Ta (e.g. Equation 3.13). Method B is used to investigate the
recovery as a function of the anneal time (ta) at a specific anneal tempera-
ture (Ta). Method C shows several stress-recovery cycles at the same anneal
temperature, where each anneal step (partially) recovers the induced damage
during the stress phase. Using this method, the effect of multiple stress/recovery
cycles can be investigated, in line with a (hypothetical) real, commercially viable
device, since individual transistors will not be used continuously. Furthermore,
if a device recovers completely, each cycle should be identical, stress- and
recovery-wise.

Depending on the anneal conditions (i.e. temperature, ambient gas, applied
bias, etc.), complete recovery may not be induced. An anneal temperature of
roughly Ta = 150 − 200 ◦C results in roughly 40-60% of recovery after one
hour of annealing (Chapter 5). A positive or negative effect on the recovery
rate by e.g. ambient can be observed, when this temperature range is used, i.e.
you can see a higher a lower percentage of recovery. An improved recovery
rate results in more recovery at a lower anneal temperature within the same
anneal time and an improved lifetime.
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Figure 2.13: The measurement processes to investigate recovery. Method a): the
device is stressed at Ts and then annealed at increasing higher temperatures.
Method b): the device is stressed at Ts and the recovery is measured as a
function of ta at Ta. Method c): different cycles of stress-recovery are performed.
The device is measured after each stress and recovery cycle.

2.4 Considerations for the Experimental Setup

2.4.1 Probe station

In this thesis, characterization was done on three different probe stations
(Probeshield PM300ps, Karl Suss PM8 and Microtech model 11000), where a
Keithley 4200-SCS with PreAmps was used to measure IV -behavior and Icp. A
Keithley 4225-PMU was used to generate the voltage pulses to the gate during
the CP-measurements.

CP characterization with a frequency that is too low in combination with
a small device (small Ag) and/or a small defect density will result in a Icp too
small to distinguish it from the background noise. Since the contribution to Icp
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attributed to noise is constant, the signal-to-noise ratio has a 1
fcp

dependence
(combination of Equation 2.19 and Equation 2.26 where a noise component
Icp,noise is included), a minimum frequency of fcp = 5 kHz is chosen to ensure
that the noise contribution is negligible over all gate areas and degradation
levels. Figure 2.14 shows a typical Icp-curve at two different frequencies. The
charge per cycle is compared and the influence of noise starts to have an effect
on Icp when fcp = 5 kHz. The offset in the y-axis (current due to measurement
Tm > 0 K) becomes smaller at a higher frequency, since the contribution per
cycle will diminish. The offset is taken into account before the defect density
according to Equation 2.19 is calculated. The current is measured via the drain
contact to minimize noise [31, 38], resulting in an inversion of Figure 2.8.

Figure 2.14: The Icp current measured via the drain contact at fcp = 5 kHz and
fcp =100 kHz.

2.4.2 Thermochuck

Two different thermochuck heating systems were used (ATT Systems m300
on the Probeshield PM300ps and Temptronic Corporation TPO 3200 A-3300-
2 on the Microtech model 11000). The temperature of the chuck (Tchuck) is
measured in the chuck, where a combination of electric (Joule) heating and a
cooling liquid is used to stabilize the temperature. The temperature range of
the thermochucks are 25 ◦C < T < 200 ◦C and were done in air.

Probe needles are removed from the bond pads during the temperature
step, to prevent stress due to thermal expansion. Subjecting an unstressed
device to this temperature profile did not result in a measurable change in Vt,
after being cooled down back to room temperature, suggesting that within the
temperature scale of the thermochuck no thermal degradation takes.
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Since the wafer/chip is positioned on top of the chuck and the tempera-
ture is measured inside the chuck, the device needs some time to adopt the
temperature of Tchuck. Since all parameters/measurements are affected by
the temperature of the device, this results in a time-dependent shift in the
parameters until the device has reached the temperature of the chuck.

Figure 2.15 shows the ∆Vt of a fresh, undegraded device as a function of
time after the thermochuck reached the anneal temperature (Ta). The Vt

measurements conducted in the first ta ≈ 300 s after a temperature step from
the previous anneal temperature, have an offset by this delay effect. This
information is used to correct the data to get the temperature-dependent
recovery, independent of the temperature delay effect.

Figure 2.15: The shift in Vt of a fresh device as a function of time at various
thermochuck temperatures. The threshold voltage settles after approximately
ta = 300 s, indicating the time needed for the device to adopt the temperature
of the thermochuck. The reference point (∆Vt = 0 mV is set at the average
settled value.

Annealing a device with a thermochuck is a bulky method that cannot be
translated to a system embedded into the package, however, it gives a good
indication of the various physical temperature-dependent processes taking place
during recovery.

Due to the temperature ramp rate from Ta = 25 ◦C to Ta = 200 ◦C

and cooldown back to room temperature, it can take more than 20 minutes
between setting a temperature and reaching said temperature. This will cause
unsystematic errors, especially for experiments focused on short-term annealing
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effects (e.g. BTI), making the system more appropriate for the study of long-term
effects of degradation and recovery (HCI), in line with the main point of interest
of this thesis. It would be necessary to introduce an alternative heating system
(e.g. [36]) to study the short-term effects of degradation and recovery.

2.5 Summary and Conclusion

The two main methods for characterization in this thesis to study degradation
and recovery are the current-voltage measurement and the charge-pumping
method. IV-measurements give a fast indication of the (type of) degradation,
while the charge pumping method results in more direct qualitative data. Ta-
ble 2.1 shows how degradation, recovery and an increase in temperature affect
the various parameters of the nMOS devices studied in this thesis. In this thesis,
the interplay between the various effects is investigated.

Effect Vt gm,max Id,lin SS Icp

Degradation +∆Vt −∆gm,max −∆Id,lin +∆SS +∆Icp

Recovery −∆Vt +∆gm,max +∆Id,lin −∆SS −∆Icp

Temperature −∆Vt −∆gm,max −∆Id,lin +∆SS −∆Icp

Table 2.1: The different effects of mechanisms on the various parameters of
an nMOSFET. The temperature row indicates an increase in measurement
temperature.



CHAPTER 3
The Role of Hydrogen

This chapter provides an overview of the theoretical background of the gate
oxide in a MOSFET and the role hydrogen plays in the fabrication of a MOSFET.
Hydrogen can have both a negative influence (Chapter 4) and a positive influence
(Chapter 5) on the reliability of the device.

3.1 Introduction

In 1959, Dawon Kahng and Mohamed Atalla [9] reported a reliable method to
grow a SiO2-layer on top of a silicon substrate and that it could be used as a
reliable gate dielectric. During the fabrication of a MOSFET, an amorphous oxide
layer is grown on top of a silicon substrate using the ’wet’-method (using H2O)
or using the ’dry’-method of thermal oxidation (using O2). The gate dielectric of
contemporary devices uses materials with a high dielectric constant, e.g. HfO2,
Si3N4 for enhanced performance. However, due to lower stability of high-»
materials on top of the silicon substrate, a small SiO2 layer is still necessary to
accommodate the growth, even in the modern technologies [39].

Since the creation of a small SiO2-based interfacial layer between HfO2 and
the silicon substrate layer is used to fabricate a reliable interface, the gate
dielectric is the combination of both materials. The higher dielectric constant,
», of HfO2 (»HfO2 = 25) compared to SiO2 (»SiO2 = 3.9), allows for a physically
thicker insulator, which ensures that less leakage due to tunneling takes place
in the gate oxide while having the same Equivalent Oxide Thickness (EOT):

EOT = tox,SiO2 + EOT(tox,HfO2 ); (3.1)

= tox,SiO2 +
3.9

»HfO2

· tox,HfO2 . (3.2)

The total EOT is thus the sum of the EOT of both dielectric layers in the
gate oxide[40]. Since contemporary devices use both high-» materials and
SiO2 for their dielectric, the research in the reliability of Si/SiO2 interfaces is

27
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important and relevant for improving the total lifetime of devices.

3.2 Hydrogen Passivation

When amorphous SiO2 is grown on top of a Si-substrate, not all Si- atoms at
the Si/SiO2-interface can bond properly with the Si- or O- atoms of the oxide,
resulting in dangling bonds. The trivalent Si-atoms at the Si/SiO2-interface with
a non-bonding orbital electron are generally called Pb-centers [41], even though
it denotes only one configuration of the silicon atom (e.g. Pb,0,Pb,1-centers.

During the operation of a MOSFET, these dangling bonds can act as an
amphoteric charge trap for the charge carriers, inducing a positive or negative
shift in the various device parameters which leads to inaccurate devices or
creates a large error margin in the parameters. The interface defect density,
Nit is in the order of 109−11 cm−2 and with a surface silicon atom density of
1015 cm−2 it means that roughly 1 in every 104−6 silicon atoms is not properly
bonded [42]. Besides dangling bonds at the interface due to an incomplete
bond with the gate oxide, incomplete bonds may arise within the gate oxide:
border or bulk traps, both of which are oxide-defects. Border traps are oxide
defects close to the channel and may have a strong influence on electrical
parameters [43], e.g. Vt, see Equation 2.15. Bulk defects will be deeper in the
gate oxide and will have a smaller effect on these electrical parameters.

To reduce the number of defects, a Post Metal/Oxide Anneal (PMA or POA)
is done after the oxide growth. The device is annealed at a temperature in the
range of Ta = 400−600 ◦C in a hydrogen ambient or hydrogen plasma, resulting
in the passivation of dangling bonds at the interface and in the gate dielectric.
The gate oxide processing step has a strong influence on the device and its
lifetime [44].

Figure 3.1 is a schematic representation of the different defects at or near
the Si/SiO2 interface before (B, E) and after passivation with hydrogen (A, C &

D). Note that the amorphous SiO2 is here schematically shown in a crystalline
manner to visualize the defects more clearly. The right part indicates that the
interface is not ’smooth’, which may introduce more kinds of defects. If another
material is used in addition (e.g. HfO2), another interface may appear where
interface defects can be introduced [26].

Various methods are used to introduce hydrogen in the device for the
hydrogenation process. Hydrogen plasma is used during solar cell fabrication
for passivation to reduce the recombination of charge carriers at the Si/SiO2-
interface [45, 46]. Beneficial effects are also reported for dielectrics exposed to
NH3 plasma[16], where the passivation of dangling bonds at/near the HfO2=MoS2

interface is reported. For MOSFET devices, the PMA step is usually done in an
ambient of hydrogen forming gas, however, passivation may also take place if
hydrogen is already present in the device due to some other process. E.g. the
concentration of hydrogen may be enhanced by using wet oxidation (hydrogen
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Figure 3.1: Schematic of the Si/SiO2-interface. Hydrogen is used to passivate
the dangling bonds (B) to create Si-H bonds (A). Due to the fabrication process,
dangling bonds are introduced in the gate oxide (E), which can also be passivated
by hydrogen, introducing Si-H bonds (C) or O-H bonds (D) in the gate oxide.

coming from H2O) or if a hydrogen-rich Si3N4 layer is deposited on top of your
device. Furthermore, hydrogen may be introduced using Ion Implantation (II),
which may be used to overcome a diffusion barrier (see Section 3.3.3. Kamgar
et al. reported that the maximum hydrogen concentration can be found near
the interface, improving the chance of passivation, and that the gate oxide
keeps its integrity and reliability regardless of the II process [47].

In addition to interface defect passivation, hydrogen may react with oxygen
dangling bonds in the gate oxide [48], however, the O-H bonds tend to break
easier compared to a Si-O bond [49]. As a consequence, hydrogen may enhance
the chance of oxide breakdown, where hydrogen may attach to a strained
Si-O bond and form a Si-OH bond [50]. Furthermore, hydrogen in high-»
contemporary devices may bond with Si and Hf over oxygen atoms, indicating
that the presence of hydrogen may exacerbate oxide-related defects [51, 52].
Even though hydrogen may react with oxide defects, or even passivate the
dopants in the silicon [53], the main focus of this thesis will be on the hydrogen-
related interface defects. The recovery of oxide-related traps may be (partially)
explained by structural reordering of the gate oxide material, reversing the
oxide trap to a normal Si-O bond, unrelated to hydrogen.

Besides a positive influence on the passivation of dangling bonds, hydrogen
may also hurt the lifetime of a device [54]. For instance, it is reported that
extra hydrogen in the packaging of a device may induce depassivation of
Si-H bonds at the Si/SiO2-interface [55]. The concentration of hydrogen in
the device/packaging will lead to an equilibrium between passivated bonds
and dangling bonds at the interface, which depends on the concentration of
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hydrogen and the temperature [56, 57].

3.2.1 Reaction Process

The passivation of a dangling bond with hydrogen can be described by a reaction
with atomic or molecular hydrogen. Brower found the kinetics of the passivation
of Pb-centers with H0 or H2 to be thermally activated with a single reaction
barrier of around Eb ∼ 1.66 eV [58]. Earlier work [58, 59] on the passivation of
Pb centers by a thermal anneal in a hydrogen ambient modeled the passivation
via a kinetic model that depends on the introduction of molecular or atomic
hydrogen, according to:

Pb + H
kf−→ PbH; (3.3)

Pb + H2
kf−→ PbH + H, (3.4)

where kf is the forward reaction rate. Depassivation or dissociation of hydrogen
due to degradation follows the reverse reaction, according to:

PbH
kr−→ Pb + H; (3.5)

PbH + H
kr−→ Pb + H2. (3.6)

Equation 3.4 and Equation 3.5 result in atomic hydrogen, affecting both the
passivation and depassivation rate of Equation 3.3 and Equation 3.6. Passivation
of one defect may lead to (de-)passivation of another Si-H bond. Although
atomic hydrogen may have a positive or negative effect on the reliability of a
device [60, 61] and play a role in the (de-)passivation of Pb centers [62], it is
highly reactive and unlikely to reach the Si/SiO2-interface without reacting with
the rest of the gate oxide or with another hydrogen atom (creating H2) [63]. It
is assumed in this thesis that passivation is the most likely to be described in
terms of H2 (Equation 3.4 and Equation 3.6) and that other hydrogen species
are less relevant. There are however, some models, where various hydrogen
species play a role in the gate dielectric to describe BTI degradation, which will
be discussed in Section 4.3.1 or hydrogen plasma that results in depassivation,
which will be discussed in Section 4.6.

The forward and reverse reaction rate (kf , kr) depend via an Arrhenius
dependency on the anneal temperature and their specific activation energy
according to:

kf = kf,0exp

„
− Ea,f

kbTa

«
; (3.7)

kr = kr,0exp

„
− Ea,r

kbTa

«
. (3.8)

It was proposed that the passivation rate depends on the concentration
of available Pb-centers and the concentration of molecular hydrogen at the
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Si/SiO2-interface, resulting in a first-order time dependence of the number of
interface defects:

d[Pb]

dt
= −kf [H2][Pb]; (3.9)

d[Pb]

dt
= kr[HPb] = kr(N0 − Pb). (3.10)

Brower assumed that due to the high diffusion constant of H2 in the gate
oxide, it could be assumed that the concentration [H2] at the interface is
similar to the concentration in the rest of the dielectric (reaction limited process
instead of diffusion-limited). Solving Equation (3.9), a time-dependent interface
defect density formula of Equation (3.11) can be achieved. Similarly, the time
dependence of passivated defects can be found.

[Pb] = N0exp(−kf [H2]ta); (3.11)

[Pb] = N0

“
1− exp(krta)

”
, (3.12)

where N0 = [Pb] + [PbH] is the maximum number of defects, passivated and
not passivated.
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3.2.2 Generalized Simple Thermal (GST) model

Brower assumed that the activation energy for the forward (Ea,f ) and reverse
(Ea,r) reaction are well defined, however, electron-spin resonance experiments
suggested that Pb-centers follow a configurational distribution, where the posi-
tion of a Si atom with dangling bonds varies slightly from atom to atom [64]. This
variation is reflected in the various Si-H bond energies, affecting Equation 3.11.
Stesmans solved this [64--66] by proposing that the mean activation energy (Ēa)
follows a Gaussian distribution with a standard deviation of ffEa . This General
Simple Thermal (GST) model of passivation describes the passivation rate, where
an integration over all possible activation energies is done:

[Pb]

N0
=

1√
2ıffEa,f

Z
exp

 
− (›− Ea,f)

2

2ff2
Ea,f

!
× exp

„
−kf,0[H2]taexp(− ›

kbTa
)

«
d›.

(3.13)

This model describes the passivation rate during fabrication fairly well if
only passivation takes place. It was noted by Wilkinson and Elliman [67] that
at the same time dissociation of Si-H bonds may take place and that the
passivation will go to an equilibrium between passivation and depassivation. It
was proposed that the dissociation energy of the Si-H bonds follows a similar
Gaussian distribution. Combining a similar dissociation behavior of Brower
et al. with Equation 3.13, Wilkinson proposed that the passivation equation
becomes [67]:

[Pb]

N0
=

1√
2ıffEa,rffEa,f

Z Z
exp

 
− (›r − Ea,r)

2

2ff2
Ea,r

− (›f − Ea,f)
2

2ff2
Ea,f

!

× 1

kr + kf [H2]

 
kr + kf [H2]exp

“
−(kr + kf [H2])ta

”!

× d›rd›f .

(3.14)

3.3 Hydrogen Transport

Hydrogen is introduced in the device during the fabrication step by exposure to
a hydrogen (or hydrogen-related, e.g. NH3) ambient. Hydrogen is needed during
the passivation step, however, hydrogen transport may have a negative influence
on the gate dielectric and may introduce new defects [52, 68]. Generally, the
flux of a species can be described by a diffusion, Jdiff , and a drift, Jdrift, related
component [42, 69, 70]:

J = Jdiff + Jdrift. (3.15)
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3.3.1 Hydrogen Diffusion

Diffusion is observed along a concentration gradient, where the species flow
down from the concentration gradient [42, 70]. This flow is described by the
first Fick’s law, which describes a one-dimensional flow by:

Jdiff = −DdN

dx
, (3.16)

where Jdiff is the flux of the species diffusing (cm−2 s−1) and N is the concentra-
tion (cm−3). The diffusion constant (D, in cm2/s) is material-specific and affected
by various conditions, e.g. defects will lower the diffusion rate of hydrogen. The
diffusion constant depends on the temperature via an Arrhenius dependency:

D = D0exp

„
− Ea

kbT

«
, (3.17)

where in general a higher temperature will have a higher diffusion rate. I.e.
hydrogen will reach the Pb-centers faster at higher temperatures. Differently
charged particles (H+, H0 and H−) will also have different diffusion constants
and will behave differently in n- or p-doped silicon [71].

The diffusion rate of Equation 3.16 also depends on the supply of the diffusion
material. A (semi-)infinite supply, e.g. exposure to a hydrogen ambient, uses
the complementary error function (erfc) to describe the diffusion rate of the
doping material N as a function of time, t , and the location, x :

N(x , t) = N0erfc(
x

2
√
Dt

). (3.18)

The concentration of infinite supply is given by N0. Diffusion from a limited
supply (i.e. the total diffusion material stays the same) will have a lower concen-
tration of the material at the source for longer diffusion times, moving deeper
in the device. The concentration is described by:

N(x , t) =
ntot√
ıDt

exp(− x2

4Dt
), (3.19)

where ntot is the total number of atoms of the diffusion species present.

3.3.2 Hydrogen Drift

Diffusion is omnidirectional and depends on the concentration gradient of the
diffusion material. An electric field may direct ions in the gate oxide, where it is
reported that the drift of mobile protons could be used, where they maintain
their charge [72--74]. The protons move from one interface to the other in the
gate dielectric due to the applied electric field, i.e. applying a positive bias to
the gate ensures the drift of H+ towards the Si-SiO2 interface [75], a negative
bias to the gate/gate oxide interface. The protons appear to hold their charge
and react with the bridging oxygen of a Si-O-Si bond near the interface [72],
preventing other protons to move through the interface into the substrate. It
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was proposed to use the movement of stable, consistent charges in the gate
oxide as a type of non-volatile memory [72, 73]. This raises the question of
whether it is possible to have a normal concentration of hydrogen (ions) in the
gate oxide which may be directed actively towards the interface and dangling
bonds using an electric field ›, increasing the local hydrogen concentration,
where the flux of hydrogen ions is described by:

Jdrift ∝ µ · ›. (3.20)

Although H2 is the most stable hydrogen species in the gate oxide, more
hydrogen-related species, as the before mentioned H+, may influence the
passivation rate. Stesmans’ model and its variations currently assume that the
passivation rate depends only on the concentration of molecular hydrogen at
the Si/SiO2-interface via diffusion. If proton drift affects local concentrations,
it raises the question of whether Stesmans’ model needs to be extended and
incorporate other hydrogen-related species in combination of the electric field
to predict the recovery rate.

3.3.3 Hydrogen Barriers

The diffusion rate (Equation 3.16) depends on the material and diffusion constant.
Hydrogen moves more easily through Si and SiO2 (larger D-coefficient) than
through Si3N4 [76]. Effectively, a nitride layer acts as a diffusion barrier for
hydrogen, where it prevents hydrogen from leaving[77] or reaching certain parts
of the device [78]. Similarly, other materials e.g. titanium [68, 79, 80] may be
used as a diffusion barrier. In general the diffusion rate of hydrogen in Si, SiO2

and Si3N4 can be summarized as:

DSi3N4 � DSi < DSiO2 . (3.21)

Although diffusion barriers are commonly used to confine the movement of
hydrogen, the doping of silicon or proton absorption at the interface [81] may
also act as an (ion) barrier.

A diffusion barrier prevents hydrogen from leaving the device over time
and ensures a stable hydrogen presence in the device. A silicon nitride layer
deposited in combination with hydrogen (e.g. NH3) may contain a high hydrogen
concentration. Over time, the hydrogen may diffuse slowly (due to the low diffu-
sion constant) to surrounding areas with a lower concentration of hydrogen [82].
This would result in a slow desorption rate, that stays constant for a long time.
This raises the question if a diffusion barrier can be used as a constant hydrogen
source and enhance the recovery rate, besides only confining the movement of
hydrogen. This is however not part of the research discussed in this thesis.

3.3.4 Hydrogen Concentration

The passivation rate of Pb-centers at the Si/SiO2-interface depends on the
concentration of hydrogen at the interface, see Equation 3.13. In modern CMOS
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technologies, there will always be hydrogen present in the gate stack due to
the various fabrication processes that involve hydrogen [83]. This is however
a limited supply of hydrogen. An external hydrogen source, e.g. exposure to
a hydrogen ambient, may introduce a (semi-)infinite supply of hydrogen. The
maximum concentration is then defined by the maximum solubility of hydrogen
in the device. Although the various materials in a device may have a different
hydrogen solubility depending on the material properties [84, 85], structure
or damage [86], the solubility can generally be described via an Arrhenius
dependency:

Seff = S0exp(− Ea

kbT
), (3.22)

where S0 is the material-specific solubility constant. A higher temperature will
lead to a higher solubility and a higher concentration of hydrogen that can act
as a passivation species.

When the hydrogen concentration in the device is larger than outside,
out-diffusion takes place, which becomes significant at temperatures T >

500 ◦C [87, 88], suggesting that at the lower (operating) temperatures the
hydrogen concentration is stable.

3.4 Summary and Conclusion

Hydrogen plays an important role during fabrication in passivating dangling
bonds at the Si/SiO2-interface. The temperature has a strong influence on the
passivation rate, where a higher temperature generally favors a higher diffusion
rate of hydrogen towards the interface defects, a higher solubility of hydrogen
in the device itself and ultimately a higher passivation rate. Passivation during
the post-metal anneal step during fabrication is usually performed at an anneal
temperature of Ta ≈ 400 ◦C, where sufficient passivation takes place within a
reasonable time frame. The main findings from this chapter are:

• The passivation rate during device fabrication can be reasonably well de-
scribed Stesmans’ Generalized Simple Thermal model, however, it only takes
H2 into account as a passivation species.
• The concentration of hydrogen at the Si/SiO2-interface depends on a combina-
tion of the supply of hydrogen itself, the maximum (material-specific) solubility
of hydrogen in the device and the transport (diffusion/drift) of hydrogen towards
the interface.

The passivation of Pb-centers using hydrogen creates Si-H bonds and en-
hances the performance of a device. When hydrogen dissociates from this bond,
a dangling bond is created and the performance of the device will deteriorate.
The next chapter will discuss how various degradation mechanisms may affect
the interface, and how it may lead to eventual end-of-life of the device.





CHAPTER 4
Degradation

4.1 Introduction

This chapter provides an overview of the degradation mechanisms in a MOSFET
of interest in this thesis. Different degradation mechanisms affect different parts
of the device, where the main focus in this thesis is on the hydrogen-related
interface defects, specifically long-term, unrecoverable, permanent damage:
B in Figure 3.1 [89, 90] on page 29. At room temperature, hydrogen-related
defects are mainly introduced by HCI. However, more degradation mechanisms
may take place simultaneously that could have similar degradation physics
and the mechanisms that enhance the recovery rate of hydrogen-related may
affect other, non-hydrogen-related defects introduced by these degradation
mechanisms. Hot-carrier injection (HCI), bias temperature instability (BTI), time-
dependent dielectric breakdown (TDDB), stress-induced leakage current (SILC),
plasma-induced degradation (PID) and thermal degradation will cause structural
changes in the gate oxide and near the Si/SiO2 interface [91, 92] and are
discussed in this chapter.

Figure 4.1 shows the degradation of an nMOS device, where the cumulative
stress time (ts) by HCI induced a shift to the right in this specific case. The
introduction of new interface/oxide defects and the charging of defects results
in a shift in the various parameters of the device (see Chapter 2). The shift in a
parameter (e.g. Vt) at stress time ts, is defined by:

∆Vt(ts) = Vt(ts)− Vt(0), (4.1)

where Vt(0) is the threshold voltage of a fresh, undegraded device. Immediately
after the stress phase ends, some recovery/relaxation can take place, which
has to be taken into account in degradation models to predict the effective
degradation level. Although some recovery/relaxation is reported for older
generation HCI degraded devices [93], fast and significant recovery is known to
occur after BTI, making it more difficult to model the lifetime accurately.

37
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Figure 4.1: Id-Vgs curve after various stress times of HCI (W = 10.0 µm,
L = 0.35 µm and tox = 7.0 nm). Stress was applied at Vds = 4.5 V, Vgs = 2.1 V.

Contemporary devices may have a high-» dielectric in addition to a Si/SiO2

interface (see Chapter 3), which results in an extra interface (e.g. SiO2/HfO2

interface) and extra hydrogen-related interface degradation [94]. Similarly,
BTI may take place during HCI, where the short-term relaxation/recovery
component of BTI may distort the measured recovery attributed to the recovery
of hot-carrier induced damage.

In this thesis, the role of hydrogen on the reliability is investigated, and to
minimize other effects this thesis mainly uses MOSFETs where the gate oxide
only consists of SiO2, has a gate area with sufficient silicon-hydrogen bonds
(Lg > 0.2 µm,Wg > 1 µm) for sufficient statistics and the physics of the interface
is well defined. The devices under study are stressed at room temperature by
HCI, and it is verified that the degradation and shift in parameters do not show
significant relaxation or recovery due to some BTI-related component.

4.2 Hot-Carrier Injection (HCI)

In this thesis, the main degradation mechanism under study is hot-carrier
injection which causes hot-carrier degradation or damage (HCD). Charge carriers
are accelerated in the channel due to a lateral electric field between the source
and drain, where they gain enough energy to become ‘hot-carriers’. A charge
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carrier becomes ‘hot’ when the kinetic energy is high enough so that the effective
temperature is higher than the lattice temperature (TL). The hot-carriers may
rupture a Si-H bond at the interface, creating more Pb-centers and a shift in
various device parameters, see Figure 4.1 [95].

HCI mainly leads to the creation of interface defects, however, new oxide
traps may also be introduced, in combination with the charging of existing
traps due to (de-)trapping of charge carriers [96]. The kinetic energy of the
hot-carriers due to the electric field is the highest near the drain, resulting
in degradation at the interface and gate oxide localized near the drain [97].
Furthermore, it becomes more likely at higher temperatures for the hot-carriers
in long-channel devices to lose energy via optical phonon scattering, so they
induce less damage [98, 99].

Hot-carrier injection takes place under various conditions, where the most
common are: Channel Hot-Electron (CHE) injection, Substrate Hot-Electron
(SHE) injection, Drain-Avalanche Hot-Electron (DAHC) injection and Secondary
Generated Hot-Electron (SGHE) [100, 101]. summarized in Figure 4.2.

Gate

DrainSource

Vgs

Vds

Electron
Hole Gate

DrainSource

Vgs

Vds

Gate

DrainSource

Isub

Vgs

Vds

Gate

DrainSource

Isub

Vgs

Vds

|Vsub| >> 0

|Vsub| > 0

CHE

DAHC

SHE

SGHE

Figure 4.2: Schematic visualization of CHE, SHE, DAHC and SGHE induced
degradation. Based on [102]

CHE injection occurs when Vgs ≈ Vds. Charge carriers are accelerated in
the channel and get injected into the gate oxide due to the gate-source bias.
When the kinetic energy is high enough, it may break the Si-H bond, creating a
new interface defect. Devices of previous generations had a lateral electric field
large enough for the charge carrier to gain sufficient energy to dissociate the
bond by the collision of one particle with the Si-H bond, i.e. the Lucky-Electron
Model [103--105]. Newer technologies have a smaller drain-source bias, reducing
the kinetic energy per charge carrier and multiple charge carriers colliding with
the Si-H bond are needed to induce dissociation [95].

SHE injection takes place when a large bias is applied to the substrate
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of the device (|Vbs| � 0). The electric field will accelerate charge carriers in
the substrate (electrons for nMOS, holes for pMOS), which may collide with
the Si-H bonds at the Si/SiO2-interface, resulting in dissociation via a single
or multiple particle collision. When a drain-source bias is present during the
degradation phase, the degradation will be localized near the drain in this
injection method [106].

DAHC injection occurs when charge carriers are accelerated in the channel
and through impact ionization (II) near the drain at the pinch-off point, i.e.
electron or hole emission, an electron-hole pair is created, where the minority
carrier gets injected into the gate oxide. Due to the vertical electric field, this
results in a charge injection into the gate oxide and substrate or bulk current
(Isub or Ib), according to Figure 4.2. The amount of charge injected into the
gate, is proportional to Isub, making it a good indicator to find a drain-source
and gate-source bias where maximum degradation due to DAHC takes place
(Vgs ≈ Vds

2 ). Figure 4.3 shows the bulk current as a function of the gate-source
voltage for Vds = 3.5=4.0 V of an nMOS device, where|Isub| is maximum at
Vgs = 1.575=1.75. In this thesis, DAHC is the main method to induce HCD
(Hot-Carrier Degradation) and the corresponding Vgs and Vds are found in a
similar way for all devices under study. For the experiments done in this thesis,
the initial conditions for maximum DAHC degradation are used for the whole
stress cycle. DAHC is the most efficient to introduce degradation for devices
used in this thesis, devices with a smaller gate length will show more degradation
using CHE.

Lastly, SGHE injection occurs when in addition to the creation of electron-
hole pairs by impact ionization (similar to DAHC), a strong substrate bias is
applied to the device (similar to SHE). The substrate bias creates a vertical
electric field that will accelerate secondary carriers and drive the charge carriers
towards the gate oxide, where they can get injected [107].

4.2.1 Lucky-Electron Model

The first model to describe HCI in a theoretical framework was proposed by Hu
et al. in 1979 [103]. The lucky-electron model (LEM) was proposed, where an
electron has gained sufficient energy in the lateral electric field (") to overcome
the potential of the Si/SiO2 interface, dissociate hydrogen and create an interface
defect. Hu determined that the critical energy to create an interface defect is
ffiit ≈ 3.7 eV [104], suggesting that only the electrons in the Electron Energy
Distribution Function (EEDF) with sufficient energy contribute to degradation
(≥ 3.7 eV). The probability that an accelerated electron will travel a distance d
in the channel before a collision where it can lose its energy, is defined by:

P (d) = exp(
−d
–

), (4.2)

where – is the mean free path of the electron in the device. According to
LEM, an increase in lattice temperature will increase the number of phonons,
decrease the mean free path and subsequently the damage due to HCI. Using
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Figure 4.3: Bulk current as a function of the gate-source voltage. Insets shows
two different drain-source voltages. |Ib,max| occurs at around Vgs <

Vds

2

the energy (E) gained in the lateral electric field (E = qd"), the electron energy
distribution function can be given by:

f (E) = P (E) = exp(− E

q–"
). (4.3)

The EEDF of the hot electrons has a similar distribution to a thermal energy
distribution [108], which gives an effective temperature (Teff ) higher than the
lattice temperature (hence the name "Hot-Carriers"), determined as:

Teff =
q–"

kb
. (4.4)

The total current drain current Id relates to the total current flow of hot-
carriers of at least energy ffii that can induce degradation via: Idexp

“
− ffii

q–E

”
.

Using this charge carrier flow, the change in interface defect density can be
found as a function of stress time (ts, n) [104]:

∆Nit ∝
„
ts
Id

Wg
exp(− ffiit

q–"
)

«n
. (4.5)

HCI in older generations of devices could be described by LEM, however, it
simplifies the physical processes and interactions that take place. Charge carriers
may not lose all energy upon collision and since charge carrier-phonon collision
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is the dominant collision and energy transfer mechanism, the change in energy is
limited to the optical phonon energy (E = 63 meV in silicon) [109]. Furthermore,
LEM assumes that a drain-source bias of at least 3.7 V is necessary to overcome
the interface barrier and induce degradation, contradicting degradation that
takes place at smaller biases [110].

4.2.2 Multiple Vibrational Excitation Model

The lucky-electron model assumes that only carriers with sufficient energy are
responsible for introducing defects and that carriers with insufficient energy do
not contribute to bond dissociation. However, Hess et al. [110--113] proposed an
HCD model that uses single-particle (SP) and multiple particle (MP) collisions in
combination with the distribution function of carrier energy.

The Si-H bonds at the interface are modeled as a truncated harmonic
oscillator, where the different vibrational modes of the bond can get excited
to higher levels due to the interaction with a single (SP) or various (low energy)
charge carriers (MP). When the bond is excited to the highest excitation, the
Si-H bond will break, leading to depassivation with a probability Pdep. Figure 4.4
shows the bond-breaking mechanism of both processes.

Eb

PMP,downPMP,up

Bonded State Free State

PSP,upEa,MP

Ea,emi

Pdep Ppas

Ea,pass

Figure 4.4: Schematic visualization of the energy states of a Si-H bond and the
bond-breaking process by single or multiple particles. Image based on [108, 114]

A single charge carrier with sufficient energy (≥ Ea,sp) will interact with the
bond and will bring it into an anti-bonding state, after which the dissociation
of the hydrogen at the Si/SiO2-interface can take place similarly to LEM. The
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total Si-H dissociation rate can then be described via an acceleration factor or
acceleration integral [113]:

Rsp ∼
∞Z

Ea,sp

Φ(E)P (E)ff(E)dE, (4.6)

where Φ(E) is charge carrier flux with sufficient energy (Ea,sp), ff is the bond
dissociation cross section and P (E) is the desorption probability. When multiple
particle collisions take place, the probability of going from one energy level to
the next can be described by:

Pmp,up ∼
∞Z

Eth

I(E)ffemi(E) (1− fph(E + ~!)) dE; (4.7)

Pmp,down ∼
∞Z

Eth

I(E)ffab(E) (1− fph(E − ~!)) dE, (4.8)

where is I(E) the flux of charge carriers colliding with the Si-H bond, ffemi=ab is
the capture cross section for phonon emission/absorption, fph is the number for
level occupation and the energy difference between two levels is described by
~!. The total Si-H dissociation rate due to MP is described by:

Rmp =

„
Eb

~!
+ 1

«„
Pmp,down + exp

„
− ~!
kbTL

««„
Pmp,up + !e

Pmp,down + exp(~!=kbTL)

«−Eb

~!
,

(4.9)

where TL is the lattice temperature and Eb is the energy of the last bonded state,
the reciprocal lifetime of a phonon is described by !e = 1

fip
, which defines the

decay from one energy state to a lower energy state. The phonon lifetime also
explains the difference in degradation level of deuterium passivated interface
states compared to hydrogen passivated interface states [110] (see Section 7),
where the energy of a Si-D bond decays more easily to a lower level than a
Si-H bond.

Rewriting Equation 4.7 and Equation 4.8 and linked to the drain current
via [112], the probability of going up/down an energy level are described by:

Pmp,up = Idfv + !e; (4.10)

Pmp,down = Idfv + !eexp(− ~!
kbTL

), (4.11)

where fv is the fraction of electrons that induce an excitation from one level to
the next. The total dissociation rate can then be defined via the drain current
and the i levels in the truncated harmonic oscillator system:

R =
N1X
i=1

»
Pmp,d

Pmp,u

–
AiIdfd. (4.12)
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The fraction of electrons that induce an emission to a lower level is defined
by fd and the empirically found factor A between the various energy levels.
The total amount of interface states created according to this model is the
cumulative contributions of both SP and MP:

∆Nit = ∆Nit,sp + ∆Nit,mp. (4.13)

The model uses defects at the microscopic level to describe degradation
by HCI, but it does not extrapolate them to device level, introducing an error
margin in lifetime predictions. In addition, TCAD device simulations done by
Penzin [115] used a simplification of the influence of lower energy/cold charge
carriers, resulting in a larger error margin of the influence of these charge
carriers on the MVE process [108].

4.2.3 Energy-Driven Model

The third model to described HCD is the energy-driven model by Rauch and
La Rosa [116--118]. At lower drain-source voltages (Vds < 3 V) and gate lengths,
the field-driven lucky-electron model of Section 4.2.1 predicts that no significant
degradation can take place. However, experiments confirmed that HCI [116]
still induces degradation in MOSFET devices under these conditions. Due to
Electron-Electron Scattering (EES), two energetic charge carriers will scatter and
some energy transfer takes place, where one carrier can gain energy. This will
change the EEDF, introducing more charge carriers in the high-energy regime.
It is reported that at lower drain-source potential (Vds < 3 V), EES will be the
dominant force in the high energy tail population of the charge carrier EEDF
and will be one of the driving forces of HCI induced degradation in low-voltage
devices [119, 120].

The rate of impact ionization in the device is proportional to the formation
of new interface defects and can be described by[109, 118]:

Rate =

Z
f (E)ff(E)dE, (4.14)

where f is the electron energy distribution function and ff is the interaction
cross section. The rate will have a maximum at one or more points, which
correspond to the energies that dominate the hot-carrier rate. This happens
when:

d ln(f (E))

dE
= −d ln(ff(E))

dE
. (4.15)

The model explains the dominant energy to be controlled by points of high
curvature (’knee points’) of ln(f ) or ln(ff), where the main difference with LEM
is that LEM assumes ln(ff) to be the driving force of the dominant energy and
the energy-driven model assumes ln(f ) to be the reason. Furthermore, the
localized degradation of Nit(x) is taken into account and the model uses only the
cumulative formation of new interface defects for lifetime predictions, ignoring
other possible mechanisms that affect the device parameters.
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4.2.4 Bravaix Model

Bravaix et al. proposed a degradation model that combines the multi vi-
brational excitation model of Section 4.2.2 and the energy-driven aspect of
Section 4.2.3 [121]. The model assumes that degradation due to SP, MP or EES
are independent of each other [122] and are explained by three stress regimes.
In the first HCD stress regime, the applied bias is sufficient for the electrons
to gain enough energy for the SP process. This regime consists of a low flux
of charge carriers (Id) of high energy, similar to the LEM of Section 4.2.1. The
second stress regime occurs at lower applied biases and multiple charge carrier
collisions are needed to induce dissociation of the Si-H bond, similar to the MVE
model. In the last stress regime, when Vds and Id are moderate, electrons with
insufficient energy gain energy due to EES [90, 121, 123] and induce dissociation.

The dissociation rate of Si-H bonds can be linked to the total predicted device
lifetime (fi ) by the lifetime of the various independent breaking mechanisms[123]:

Rit =
1

fi
=
X
i

1

fii
. (4.16)

The lifetime of each of the stress regimes is described by:

1

fisp
= Csp

Id

W
· ( Is

Id
)m; (4.17)

1

fimp
= Cmp(Vds − ~!)

1=2 · ( Is

W
)
EB=~! · eEemi=kbTL ; (4.18)

≈ Cmp(V
1=2

ds ·
Id

W
)
EB=~!; (4.19)

1

fiEES
= CEES(

Id

W
)2 · (Ib

Id
)m, (4.20)

where Csp,mp,EES are technology-dependent constants. Depending on the tech-
nology, device dimensions and stress conditions, one device might be more
susceptible to one over the other processes. However, under normal stress con-
ditions, all processes take place simultaneously [120]. The total device lifetime
(fid) is found by combining Equation 4.17, Equation 4.19 and Equation 4.20 [108]
with some weighting factor (Ksp, Kmp and KEES):

1

fid
=
Ksp

fisp
+
Kmp

fimp
+
KEES

fiEES
. (4.21)

Combining the dissociation rate of all processes, the mixed mode dissociation
rate, Rmm, can be found and relates to the interface defect density using some
technology specific parameter (c ) via [120]:

∆Nit = −N0exp(−c
p
Rmmts). (4.22)

This model uses physical mechanisms (SP, MP, EES) to described hot-carrier
degradation, but it assumes that the three processes are completely independent
of each other. However, newly introduced interface defects can act as a charge
trap and change the EEDF and the scattering mechanisms. This affects the SP
and MP degradation mechanisms, distorting the total predicted damage.
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4.2.5 Vienna Model

The Vienna model looks into the degradation and physics of single defects and
scale them up to device level [95, 124]. The model assumes that since both
electrons and holes affect the degradation rate, the EEDF is expanded to an
Energy Distribution Function (EDF), in combination with the MVE model of
Section 4.2.2. Furthermore, it is assumed that EES plays a minor, negligible role
in the lifetime prediction of scaled devices (100s of nm), but becomes more
significant in ultra scaled devices (10s of nm) [108, 125].

Impact Ionization may introduce secondary charge carriers that induce
dissociation, and are taken into account [95]. Similar to Equation 4.6, the
Vienna model uses the SP and MP bond-breaking mechanisms due to either
electrons or holes, where the rate can be described according to a charge
carrier acceleration integral:

Ratesp=mp =

∞Z
Eth

f (E)g(E)ffsp=mp(E)v(E)dE, (4.23)

where f is the EDF of the charge carriers, g is the density of states, v is the
charge carrier velocity and the capture cross section is defined by ff. Since both
electrons and holes can induce SP degradation with an attempt frequency of
�sp, the bond-breaking rate Rsp due to the SP mechanism can be defined by:

R
e=h
sp=mp = �

e=h
sp=mpI

e=h
sp=mp. (4.24)

Similar to Equation 4.22, the time-dependent interface defect creation due
SP is determined by:

Nsp(ts) = N0

`
1− exp(−(Re

sp + Rh
sp)ts)

´
, (4.25)

where N0 is the interface density of available bonds to break of an undamaged
device. The rates of dissociation and passivation depends on the temperature
via an Arrhenius dependency:

Rmp = �mp,actexp(−Eemi

kbTL
); (4.26)

Pmp = �mp,passexp(−Epass

kbTL
), (4.27)

where �mp is the attempt frequency of MP dissociation. The time-dependent
amount of interface defects due to MP is determined as:

Nmp(ts) = N0

s
Rmp

Pmp

„
Pu

Pd

«N1

(1− exp(Rmpts)). (4.28)

The chance of going up/down in an MVE level (Pu=d) is similar to Equation 4.7
and Equation 4.8, but with the addition of holes induced degradation. The total
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amount of newly created interface defects can be found similar to Equation 4.13,
but in addition, a probability for each mechanism (due to competing behavior
between SP and MP) is added.

The model describes the rate at which charge carriers react with the Si-
H bonds at the interface reasonably well for long-channel devices, where a
higher stress will lead to more degradation due to a more pronounced EDF at
high energy for holes (pMOS) and electrons (nMOS). Newer models are further
expanded to include quantum–chemistry formulation using their wavefunctions
to give a physically meaningful interpretation, which for further reading are
referred to [125, 126, 126--129]
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4.3 Bias Temperature Instability (BTI)

This thesis investigates the reliability of hydrogen-related defects at the Si/SiO2-
interface, mainly introduced by HCI. Bias Temperature Instability (BTI) also
affects device reliability significantly under operation conditions, especially at
higher temperatures. BTI may introduce similar defects as HCD and depending
on the stress conditions, this may even occur simultaneously [126]. BTI is induced
when a gate-source bias is applied to the device, where a positive (negative)
bias will induce PBTI (NBTI), i.e. during normal nMOS (pMOS) device operation.
The creation of interface and oxide defects in combination with the charging
of the defects is reported due to BTI and investigated for some time [130, 131],
however, there is still some debate about which defect-creation process is the
main contributor to the degradation [132, 133].

Since recovery after HCD (i.e. decharging, passivation) may follow similar
mechanisms as recovery after BTI, a short overview of BTI will be given. The
Reaction-Diffusion model explains BTI in terms of the dissociation and diffusion
of hydrogen from the Si/SiO2 interface and the creation of new interface defects,
while the Defect-Centric model assumes that the charging of oxide defects can
describe BTI degradation more accurately [134].

Although there are some reports of local variation in the degradation due
to BTI [135], but generally BTI is observed to induce uniformly distributed
degradation over the whole channel, so that the concentration of defects due to
BTI, NBTI, can be described by: NBTI(x) = C = NBTI, where x is the distance
in the channel and C some constant value. Besides the gate-source voltage,
the dissociation rate of hydrogen is affected by temperature. Dissociation takes
place at a higher rate at higher stress temperatures (Ts), whereas HCI induces
more degradation at lower Ts (for long channel MOSFETs) [136]. In this thesis,
a stress temperature of Ts = 25 ◦C is usually used. Degradation due to BTI
is negligible at this temperature and it is assumed and experimentally verified
that most degradation can be attributed to HCI.

When Vgs is removed and the BTI stress phase ends, a strong relaxation
effect starts to take place [136, 137]. Since the relaxation phase starts at the
moment the stress phase stops and most relaxation takes place within the first
microseconds, the threshold voltage and other device parameters measured with
the traditional Id-Vgs characterization method, do not yield the maximum ∆Vt

due to BTI. To circumvent the relaxation effect, various fast measuring methods
were developed, e.g. the on-the-fly (OTF) characterization [138] measures Vt

around Vgs,str, to not interrupt the stress phase. However, these fast measuring
methods have its own considerations [139]. Since this thesis mainly has a
focus on the recovery of long-term (hydrogen-related) defects due to HCI,
the characterization technique of Chapter 2 is used, where any BTI-specific
short-term effects will remain undetected.
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4.3.1 Reaction and Diffusion Model (R&D Model)

The first version of the Reaction and Diffusion model was proposed by Jeppson
and Svensson [140] to describe the creation of interface traps, Nit and later
expanded by Alam et al. [141--143] to describe BTI degradation. The R&D model
assumes that the degradation process is a hydrogen diffusion-limited process,
where the emphasis is placed on the (de-)passivation of interface traps. The
first models assumed that atomic hydrogen depassivate from the interface and
diffuse away in a one-dimensional manner from the interface. Later versions
include molecular hydrogen and a component related to oxide traps to model
BTI degradation [144].

The R&D model uses the role of hydrogen in the gate oxide to describe both
degradation and the (short-term) relaxation. Although there are some questions
to what degree hydrogen is responsible to both degradation and recovery in a
small time frame, similar mechanisms may play a role during the recovery of
hydrogen-related defects after HCD and can be considered for the transport
behavior of hydrogen in the gate oxide, similar to Section 3.3.

The change in the interface defect density concentration by atomic hydrogen
([H]) is described by:

dNit

dt
= kf(N0 − Nit)− krNit[H]. (4.29)

The number of interface states is small at the beginning and the depassivation
rate depends on the forward (kf ) and reverse reaction rate (kr) and the total
possible bonds that can depassivate (N0) by:

dNit

dt
≈ kfN0. (4.30)

This results in a time-dependent interface defect density of:

Nit(ts) = kfN0ts. (4.31)

Later, when the forward and reverse reaction rate in Equation 4.29 are
roughly equal:

kfN0 ≈ krNH(x = 0)Nit; (4.32)

NH(x = 0) = Nit, (4.33)

which results in a time-independent interface defect density of:

Nit ≈

s
kfN0

kr
. (4.34)

Initially, hydrogen diffusion away from the interface will have a limiting
influence on the interface defect creation rate. Since the hydrogen diffusion
distance is defined by x =

√
DHt , the time-dependent interface defect density

can be rewritten as:

Nit ≈

s
kfN0

kr
(DHt)

1
4 , (4.35)
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where is assumed that the hydrogen did not diffuse through the whole oxide
layer (x < tox), indicating that this regime can only be observed in thick oxides.
When the hydrogen reaches the gate/gate oxide interface and diffuses into the
polysilicon gate, it will diffuse away from the gate oxide, lowering the effective
NH. This will result in the interface defect density being described as:

Nit ≈

s
kfN0

kr

p
DHts. (4.36)

When all possible Si-H bonds that could have been broken are broken and
steady-state is reached, the interface defect density will be defined by:

Nit ≈ N0. (4.37)

The first models assumed that the hydrogen-related reactions were of
the form: Si-H → Si · + ·H, where only one-dimensional diffusion of atomic
hydrogen was assumed. Later models were expanded by incorporating molecular
hydrogen (H2), three-dimensional diffusion in the gate oxide and defect assisted
dimerization of hydrogen via:

Si− H + ·H→ Si ·+H2. (4.38)

This suggests that atomic hydrogen near the interface may introduce new
defects. Substituting the diffusion of DH by DH2 , a t1=6

s time-dependent behavior
can be found [145]. Using the defect assisted dimerization of molecular hydrogen,
the recovery (passivation) process is described by the reverse reaction:

Si ·+H2 → Si− H + ·H; (4.39)

Si ·+ · H→ Si− H. (4.40)

Before Equation 4.40 can take place, the H atom needs to diffuse to another
available Si atom with a dangling bond. During diffusion, a competing reaction
with Equation 4.38 may take place, so that effectively no recovery takes place.
The chance of reacting according to Equation 4.38 instead of Equation 4.40
becomes higher if the ratio Nit

N0
becomes lower, indicating that the recovery

mechanism eventually ends up in a steady-state.
The first R&D model describes the BTI-induced shift in electrical parameters

by the (de-)passivation of Si-H bonds and the role of hydrogen. However, the
contribution due to hole (de-)trapping and oxide defects are not taken into
account [133, 136]. Later contributions to the model assumed that the shift in
parameter due to Nit is unrelated to contributions by Not, splitting the shift in
threshold voltage in several components:

∆Vt = ∆Vt,it + ∆Vt,ot. (4.41)

Even though the model describes the influence of hydrogen on the degra-
dation and recovery rate, there is some mismatch with the literature on the
role and model parameters of hydrogen [133]. I.e., the R&D model assumes that
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the process of hydrogen (de-)passivation of dangling bonds at the interface is
a fast reaction, although the Si-H bond is reported to be stable. Furthermore,
the R&D model assumes that the forward and reverse reaction rate of Equa-
tion 4.42 have approximately equal reaction rates and the same activation
energy: Ea,R&D ≈ 0.2 eV, to ensure fast (de-)passivation:

Si− H ˙ Si ·+H · . (4.42)

However, this value for the activation energy does not match with literature
(Chapter 3) and experimentally found values for the activation energy (Chapter 5).
Recovery rates by molecular hydrogen are reported to follow the passivation
step during fabrication with an activation energy of Ea ≈ 1.5 eV [58, 133].
Furthermore, if the recovery process of BTI was only dependent on the back
diffusion of hydrogen, the recovery rate should depend on the stress time. The
longer the stress time, the longer there is time for the hydrogen to diffuse away
from the Si/SiO2 interface [146].

4.3.2 Defect Centric model (DC Model)

The defect-centric (DC) model assumes that charge (de-)trapping is mainly
responsible for the degradation/relaxation behavior, although hydrogen can
play a (minor) role [147]. The model uses a four-state model (expanded from the
earlier two-state model), multi-state/nonradiative multiphonon (NMP) models
to describe BTI. It was first assumed that existing SiO defects in the gate oxide
(E in Figure 3.1) can be described by 4 states [148, 149]. Figure 4.5 shows a
schematic visualization of the process and the four states (neutral stable (1),
neutral meta-stable (1’), charged meta-stable (2’) and charge stable (2). When a
bias is applied and hole capture takes place, the oxide-defect from the neutral
stable state to the charge stable state via the metastable (2’) state (1→ 2′ → 2).
The relaxation phase is described by hole emission that happens from the
charge stable state to the neutral stable state via a fixed trap when a higher
bias is applied (2→ 2′ → 1) or via a switching oxide trap when a lower bias is
applied (2→ 1′ → 1) [150, 151].

Here depend the capture/emission time constants of each defect on the
temperature and the emission/capture activation energy, which is visible on
capture-emission time maps [152, 153]. Using the capture-emission time maps,
two distributions corresponding to a permanent, P , and reversible, R, compo-
nent were found to be uncorrelated. The permanent part is assumed to be
partly made up of interface states [136, 154, 155], but oxide traps contribute
more significantly to the permanent part [148].

The relaxation phase of both components can be modeled by the empirically
found, universal relaxation equation [147, 156]:

∆Vt(trec) = P + R = P +
R0

1 + B‰(trec)˛
, (4.43)

where R0 is the recoverable component at trec = 0, B and ˛ are fitting
parameters and ‰(trec) = trec

ts
. The permanent component is here modeled as
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Figure 4.5: Four states of the defect, modeled around the oxide defect in the
gate oxide. Image after [148].

being not recoverable, however, it is to be observed to be ’semi permanent’
and recovery does occur at specific bias/temperature conditions [157].

The role of atomic hydrogen is incorporated into the model to account
for the introduction of the more permanent interface states when a device
is stressed for long stress times at a high-stress temperature. The gate-side
hydrogen release model [158] assumes that hydrogen can dissociate from the
oxide-gate interface and diffuse rapidly into the gate oxide [159], where it can get
trapped and change the hydrogen distribution, resulting in a quasi permanent
(P ) defect, making this model a reaction-limited process.

The DC model describes the degradation and relaxation behavior by charge
(de-)trapping, where hydrogen only plays a minor role in the process. Current
models are expanded by including the role of hydrogen released from the
oxide-gate interface, however, it still plays a minor role. It is argued that
hole de-trapping happens in a fast process, so that at longer periods the data
seems to be less consistent with the DC model [160]. Furthermore, it was
argued that the model does not always seem to be consistent across various
material types and degradation/recovery conditions (bias, temperature, ac vs
dc conditions) [133, 160] and that physics-based models are needed for DC and
AC stress for quantitative predictions [133].
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4.4 TDDB and SILC

Although the main point of interest of this thesis is hydrogen-related defects,
HCI and BTI may also introduce oxide defects and to be taken into account,
as discussed in the previous section. Some oxide defects will be present right
after fabrication (see Chapter 3), which may act as a tunneling/hopping center
and assist a charge carrier to go through the insulator (Frenkel-Poole emission).
When a gate-source voltage is applied to a device, new oxide defects may be
created over time [161] in addition to the already existing oxide defects [162--
164]. When a lower gate-source bias is applied over a long time, Stress-Induced
Leakage Current (SILC) will take place. The creation of new oxide defects will
result in more trap-assisted tunneling of charge carriers through the insulator,
which gives rise to an increase in the gate current over time [165]. When a high
bias is applied over a long time, Time-Dependent Dielectric Breakdown (TDDB)
may take place, where sufficient oxide traps are created in the gate oxide to
form a conducting path through the insulator, i.e. dielectric breakdown takes
place [166--168].
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4.5 Thermal Degradation and Heating Effects

Temperature affects the degradation rate during electrical stress, i.e. the
degradation rate will increase for BTI and decrease for HCI at a higher stress
temperature. Besides affecting the degradation rate during electrical stress, a
high temperature may also induce thermal degradation, with or without any
bias. Figure 4.6 shows Vt as a function of the anneal temperature, measured
at Tm = 25 ◦C, where the devices were exposed to increasingly higher anneal
temperatures in air (Method A of Section 2.3) when no bias was applied. During
each step, the device was kept at the anneal temperature for ta = 2 hours.
Up to an anneal temperature of Ta ≈ 400 ◦C no significant ∆Vt is observed.
Higher temperatures show an increase, indicating that thermal degradation of
this device takes place when it is annealed in air and when Ta > 400 ◦C.

Tm = 25 °C
Vds = 0.1 V
Wg = 0.6 µm
Lg = 10.0 µm

Figure 4.6: Threshold voltage of four devices as a function of the anneal
temperature. The devices are measured at Tm = 25 ◦C.

Thermal degradation may be explained by thermal dissociation of Si-H
bonds at the interface, which is in line with earlier reports that temperature
range [87, 88]. Furthermore, when annealing is done in air at Ta > 450 ◦C, the
color of the chip starts to change (left of Figure 4.7) and small bubbles begin
to form on the bond pads, indicating that recovery by annealing cannot be
achieved of this devices at such high temperatures.

Besides thermal degradation, an elevated temperature may have a healing
influence on certain device parameters. This would be make it necessary to
balance positive and negative effects of an elevated temperature. Devices
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Figure 4.7: Left: A chip before anneal (top) and after the anneal (bottom), where
a color change can be observed due to the anneal. Right: Bond pads begin to
shows bubbles after a high temperature anneal, making accurate measurement
more difficult.

fabricated with a self-curable gate have been created [169, 170], where electrical
annealing using Joule heat through a built-in heater in a gate is used to repair
the defects. A local temperature at the gate of Ta > 800 ◦C is reached for
a short moment of time ta < 1 ms, suggesting that a longer anneal time at
a higher temperature is necessary to heat up the whole device and induce
thermal degradation. This method is however energy inefficient, making it an
inconvenient method to induce recovery on chip level, repairing all transistors
on a chip.

Newer generations of transistors, i.e. FinFETs and UTB SOI transistors, may
have a reduced thermal conductivity with the substrate [171]. This will make
it harder for the hot-carriers to lose heat, increasing the device temperature.
This self-heating effect will increase the degradation rate for BTI and HCI in
smaller devices [172, 173], however, a higher temperature may also favor a
higher recovery rate (see Section 5). The effect on the number of fins in a
FinFET on the HCD is studied in [174, 175], where is reported that an increase
in the number of fins makes it harder to lose the generated heat, i.e. the
fewer fins present, the lower the effect of self-heating on the degradation [176].
This change in dimensions and the self-heating effect may result in a shift in
degradation/recovery equilibrium for devices on chip level.
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4.6 Plasma Induced Damage (PID)

Plasma processing is widely used during the fabrication process of devices, e.g.
for etching. When a MOSFET is exposed to plasma, plasma-induced damage
(PID) may take place, which is based on charging damage, physical damage
or radiation damage [177--179]. During plasma processing the gate dielectric
experiences electrical stress by the conduction current or the potential difference
between the gate electrode and the Si substrate [180]. This electrical stress may
generate defects in the gate oxide or at the Si/SiO2 interface [181], increasing
the gate current [182].

Depending on the RF power to create the plasma, Prf , and the plasma
species, energetic ions accelerated by the electric field may damage the device.
Furthermore, degradation due to radiation can take place, explained by charging
of the device and photoconduction currents in the gate dielectric due to photon
irradiation (UV) and the introduction of new defects, created by the generation
of new electron-hole pairs [183].

Exposed
Fresh

Vds = 0.1 V
Wg = 10.0 µm
Lg = 1.0 µm 

Figure 4.8: IV-curve of a fresh device before and after exposure to hydrogen
plasma (Prf = 2 kW.)

The effect of PID on a device is shown in Figure 4.8, where a fresh, unde-
graded device was heated up (Ta = 200 ◦C) and exposed to a plasma made
of hydrogen and nitrogen. An increase in Vt, SS and Ncp is measured, indi-
cating that the device suffers from plasma-induced damage. In addition, the
appearance of a subthreshold hump [184] can be observed, indicating a build-up
of fixed charge and the introduction of new defects. Figure 4.9 shows the CP
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current before (black) and after (red) exposure to the plasma of the same
device. Besides an increase in ICP due to the introduction of new interface
defects, the fixed charge caused a shift to the right with respect to the black
curve, visualized with the gray curve (black curve multiplied by 25). When high
frequency (fcp = 3 MHz) CP measurements are compared to lower frequency
CP-measurements, only a minor increase in the number of oxide traps could
be measured.

Exposed

Figure 4.9: Charge pumping current before (black) and after (red) hydrogen
plasma exposure. The curve before plasma is increased with a factor 25 (gray)
to visualize the build-up of fixed charge (shift to the right).
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4.7 Summary and Conclusion

During the operation of a device, various degradation mechanisms take place.
Although various material/operation-specific improvements have been made
to minimize the degradation, it is not possible to completely remove them,
which will eventually lead to device breakdown and its end-of-life. The main
conclusions of this chapter are:

• The various degradation mechanisms may introduce material changes in
the device during its lifetime.
• Although various methods have been used to minimize degradation, it is not
possible to completely prevent all degradation.
• New defects that were first passivated with hydrogen have a big influence on
the reliability of a device.

To minimize the effect of defects and extend the lifetime, the next chap-
ter will discuss various methods to increase the recovery and recovery rate
after degradation.



CHAPTER 5
Enhancing Recovery

5.1 Introduction

Silicon-based devices like MOSFETs will degrade during their operating lifetime,
resulting in a shift in various parameters that electrically define the device
(Chapter 4). When the parameter shift exceeds a preset value, the device
cannot be used anymore. It is possible to (partly) repair the introduced damage
using various methods. For instance, processes used during the fabrication of
the device have proven to have a positive influence on electrically degraded
devices too. The recovery processes to enhance the recovery rate include
annealing [185--188], the introduction of passivating material (e.g. hydrogen),
light-soaking [189] and applying an appropriate bias [190] to the device or the
combination of above. Degradation mechanisms will introduce charge trapping,
defect formation in the gate oxide and at the interface, and although there is
still some discussion to what degree (Chapter 4), there is however consensus
that for both degradation and recovery, hydrogen plays a pivotal role [91].

In this thesis, the focus is on hydrogen-related recovery where the goal of
the recovery step is visualized in Figure 5.1. First, hydrogen will depassivate
from the interface due to degradation, introducing Pb-centers. Next, hydrogen
may repassivate the created interface defects during a recovery step and the
device can revert back to the initial situation after fabrication. The hydrogen
density at the interface is related to the concentration and diffusion of hydrogen
species (H, H+, H2) in the device. The diffusion rate in Si and SiO2 is known to
be different [159], suggesting that the materials in the immediate vicinity of the
defective interface matter for recovery. Electrical stress will break Si-H bonds
at the Si/SiO2-interface of passivated devices, but a decrease in the number
of interface states is even reported if no passivation step during fabrication
was done [57]. This indicates that there is a steady-state passivation level,
depending on various factors, e.g. temperature.

Parts of this chapter have appeared in [MJdeJ:206, 214]

59
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Figure 5.1: Device with a passivated (top left) and a depassivated interface
(bottom right).

This chapter will discuss various methods to induce and enhance recovery in
an electrically degraded device (nMOS). Recovery will reduce the stress-induced
shift in parameters [191, 192] back to or approach the initial value of a fresh
device. Some recovery methods affect the recovery rate not significantly and
will be discussed briefly: the influence of light (Section 5.2) and the influence of
a bias applied to the gate (Section 5.3).

The recovery rate can be more affected using the anneal temperature and
the ambient the device is annealed at. This will be discussed in more detail in
Section 5.4 and Section 5.5.

5.2 Light-soaking

During the life of solar cells, light-induced damage (LID) may take place. New
boron-oxygen related defects are introduced in the solar cell when it is exposed
to light, which will result in a lower efficiency. Exposure to light during annealing
(recovery step) was found to have also a positive effect on the reliability and effi-
ciency of p-type Czochralski Silicon solar cells [189, 193, 194]. During light-soaking
annealing (≈ 10 suns ), high-intensity illumination can be used to accelerate
defect formation and the charge state control of hydrogen and B-O defects is
used to induce long-lasting passivation of B-O defects [195]. This prevents the
creation of B-O defects due to light-induced damage of the Staebler-Wronski
effect [196].

Light-soaking during annealing of HCD devices does not enhance the recov-
ery to overcome the Staebler-Wronski effect (since no B-O defects are created
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during HCI), but it raised the question of whether light-soaking could tune the
charge state of H-atoms and influence the recovery rate for the experiments
discussed in this thesis. A few experiments have been done to investigate the
influence of light on the recovery rate of HCI degraded devices. When the device
parameters are monitored during the anneal step, the recovery rate is visible in
the slope from the stressed parameter value back to the post-anneal value as
a function of anneal time. A change in the recovery slope should be observed if
light (light intensity: > 5.6 Mlux, Color Temperature T ≈ 6500 K, Volpi IntraLED
2020) affects the recovery rate and is turned on halfway through the recovery
step. However, no change in recovery rate was observed when Vt, Nit were
measured as a function of time, suggesting that the recovery rate cannot be
improved by the use of light-soaking under the experimental conditions in this
thesis.

5.3 Bias

Bias-dependent recovery is reported [197], where a bias may have a positive
influence on the recovery rate. When a bias is applied to a device during
measurement, in some cases the amount of degradation and recovery depends
on the number of measurements done [198]. This is also visible when IV -
measurements are done before and after a CP-measurement, where a small
difference in Vt (recovery) can be measured (∆Vt ≈ 3 mV).

The repassivation of interface defects depend on the supply (and thus
concentration) of hydrogen at the interface. It was observed that hydrogen ions
could be moved in the gate oxide by applying a bias due to proton drift [73].
Due to a positive bias, protons will move from the top of the gate oxide towards
the Si/SiO2-interface and would provide a higher concentration of passivation
species under the right conditions [199]. When hydrogen is moved towards
the Si/SiO2-interface by applying a bias to the gate, this would lead (locally) to
a higher concentration of hydrogen. Depending on the equilibrium between
protons, molecular hydrogen and Si-H bonds, it raised the question of whether
it may potentially enhance the recovery rate under the experimental conditions
discussed in this thesis. The experiments mentioned above used a gate oxide
where the oxide thickness had a sufficient thickness (tox > 40 nm), to ensure
that hydrogen can move to and from the Pb centers within the gate oxide. The
charged hydrogen ions will affect Vt when it is near the interface to create a
proton-based non-volatile memory [73, 199].

To investigate if a gate bias can be used to enhance the recovery rate under
the experimental anneal conditions, e.g. by moving hydrogen inside a thinner
gate oxide, a device (tox = 7 nm) was degraded by HCI and recovery was done
at an elevated temperature. The device was degraded at room temperature
(ts = 3 · 103 s, Vgs = 2.1 V, Vds = 4.5 V, ∆Vt ≈ 320 mV), after which the device
is annealed at Ta = 150 ◦C. Initially, only recovery as a function of anneal time
due to the temperature step is observed (without applying any bias to the gate).
After ta ≈ 2 · 103 s, a bias is applied to the gate, and a change in recovery rate
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Figure 5.2: Recovery of Vt of a nMOS as a function of the anneal time at
Ta = Tm = 150 ◦C (W/L = 10.0 µm/0.8 µm). Left of the red line: no bias is
applied to the device. Right of the red line: a gate bias of Vgs = −4.5 V is applied
to the device.

should be visible if the bias has a positive/negative influence by a change in the
recovery slope.

First, no change in the recovery rate of the threshold voltage is observed
when a bias is applied, however, when a larger bias is used (on a different device),
∆Vt starts to increase, indicating that degradation takes place (Vds = 0 V,
Vgs = −4.5 V). Figure 5.2 shows that Vt becomes larger after ta ≈ 2 · 103 s,
when the bias is applied to the gate of the device.

Some recovery takes place due to annealing the device, however, no sig-
nificant improvement in recovery rate by applying a gate bias was observed
under the experimental conditions. A possible explanation could be that an
electric field has no significant influence on the local hydrogen concentration,
since the gate oxide is thin enough to have an uniform concentration of proton
or that the proton concentration in the gate oxide is too low. To minimize the
number of mechanisms that can affect the recovery rate and since bias did not
have a significant, positive influence on the recovery rate, the remainder of the
thesis has a focus on material-specific solutions with a stronger influence on
the recovery of electrically degraded devices (temperature, ambient).
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5.4 Recovery Experiments in a Nitrogen Ambient

Total recovery of a hot-carrier degraded device takes place after annealing
at Ta ≈ 400 ◦C [200] within a reasonable anneal time (ta < 2 hours). At
lower temperatures, only partial recovery takes place, but at a higher recovery
rate than at room temperature. Various anneal methods include: using a
thermochuck, joule heating of the gate [201, 202], using a microheater [187, 203,
204], or using joule heating with a gate all around device [205].

This section will provide the analysis of the experimental data investigating
the spontaneous recovery of hot-carrier degraded devices in a nitrogen ambient
as a function of the anneal temperature, the gate length and cooling rate. The
experimental results formed the basis for Reference [206]. Since no hydrogen
was supplied from the outside via an ambient, it was assumed that hydrogen in
the gate stack itself provide all passivation material, see Chapter 3.

5.4.1 Experimental

Hot-carrier stress was applied for a cumulative stress time of ts = 3 ks (Ts =

25 ◦C) if not otherwise specified. The drain-source bias was kept at Vds = 4.5 V
(except for the longest channel device, L = 10 µm) and the gate-source bias
was kept so that |Ib| was maximum, according to Table 5.1. There was a delay
of 1 s between the stress and measurement phase, to minimize short time-scale
recovery components and only take potential long-term effects into account.
The electric parameters were determined by the average of 15 IV -curves.

Table 5.1: HCI stress conditions for nMOSFETs of various gate lengths (W =
10.0 µm) for ts =3 ks.

L (µm) Vgs (V) Vds (V)
0.6 1.7 4.5
0.7 1.7 4.5
0.8 2.1 4.5
0.9 2.1 4.5
1.0 2.1 4.5
10.0 1.7 6.5

Positive bias temperature instability (PBTI) was measured on a separate
device under identical gate-source bias conditions as for HCI with the source
and drain terminal kept connected to the ground [207]. The BTI stress caused
no measurable ∆Vt (< 1 mV), indicating that BTI degradation can be neglected
in this experimental investigation.

After the stress phase, the devices were annealed die for die in a nitrogen
ambient (temperature ramp rate: ∼ 8

◦C=min) according to Figure 2.13a for 60
minutes. No bias was applied to the device terminals during the anneal step.
After characterization at room temperature, the devices were annealed again in
a nitrogen ambient at increasing higher temperatures (from Ta = 100 ◦C up to
Ta = 540 ◦C). After the anneal at Ta = 500 ◦C, an anneal at Ta = 400 ◦C and
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an anneal at Ta = 350 ◦C were done again, each followed by characterization
at room temperature.

5.4.2 Anneal temperature dependence

The influence of the anneal temperature on the HCI-induced ∆Vt is shown
in Figure 5.3. Characterization was always done at Tm = 25 ◦C, where the
temperature indicates an anneal for ta = 7200 s at Ta. The similar Vds over
all gate lengths resulted in different HCD induced ∆Vt. The recovery behavior
depends on the anneal temperature, where more recovery is induced after an
anneal at a higher temperature. After an anneal at Ta = 350 ◦C to Ta = 400 ◦C,
∆Vt ≈ 0, suggesting complete recovery has taken place. This temperature
coincides with the before mentioned temperature during the PMA step and
corresponds with the earlier reported temperature where total recovery takes
place [188, 200, 208]. The devices with more degradation show a higher absolute
recovery rate, although normalized to the maximum ∆Vt of each gate length,
all devices show similar recovery.

µm
µm
µm
µm
µm
µm

Figure 5.3: The shift in the threshold voltage as a function of anneal temperature.
The devices have a gate width of W = 10 µm, a gate oxide thickness of
tox = 4.5 nm and the legend indicates L in µm. Characterization was done at
Tm = 25 ◦C.

A temperature of Ta ≈ 400 ◦C corresponds to a thermal energy higher
than the bonding energy of Si-H bonds. Exposure to higher temperatures,
Ta > 450 ◦C, results in an increase of Vt. This temperature coincides with earlier
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reported temperature where thermal degradation starts to take place [87, 209],
suggesting that more Pb-centers at the Si/SiO2-interface are introduced by the
anneal due to the dissociation of the Si-H bond. The shift in Vt is similar for all
devices, suggesting that defects are introduced at the same rate/concentration,
regardless of the gate length.

Since total recovery can be achieved in devices with hot-carrier induced
degradation, an additional anneal was performed after the last data point of
Figure 5.3 where thermal degradation had taken place. The anneal was done
at Ta = 400 ◦C and Ta = 350 ◦C, the temperature where total recovery was
observed in Figure 5.3, to verify if thermal degraded devices show similar recov-
ery. However, no significant recovery was observed after the additional anneal
step, indicating a different kind of damage is caused by thermal degradation.
A possible explanation is that hydrogen may diffuse out of the device, similar
to the out-diffusion of hydrogen into vacuum [87]. This may lead to a lower
hydrogen concentration for the recovery step, however, this is not in line with
recovery observed at even higher temperatures [203, 204].

Stesmans’ model of Equation 3.13 may be used to model the time-dependent
recovery. Using Equation 2.14 and Equation 2.15 and the assumption that
∆Vt ∝ ∆Nit and ∆Nit � Nunstressed → N0 ≈ ∆Nit, Stesmans’ model can be
used in combination with DeltaVt to model the recovery of Figure 5.3 up to a
temperature of Ta ≈ 400 ◦C and describe the ratio between the unpassivated
interface defects ([Pb]) and the maximum number of interface defects (N0).

Figure 5.4: The data of the device with L = 0.6 µm in Figure 5.3 fitted by the
passivation model of Stesmans [65].
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The volume concentration of molecular hydrogen in SiO2, [H2], is assumed
to be ≈ 1018 cm−3 [210] and we assume that no significant change in hydrogen
concentration takes place when Ta < 400 ◦C. Solving Equation 3.13 under
the previously mentioned assumptions using the least-squares method, the
forward reaction rate parameters of Ef = 1.39 eV, ffEf = 0.369 eV and
kf ,0 = 2 · 10−7 cm3/s are found, resulting in the fit of Figure 5.4.

Note that besides the assumption that the hydrogen concentration does not
change, annealing was done on one device at increasing higher temperatures,
giving a cumulative effect at the higher temperatures. Since recovery shows a
linear dependence on log scale, the extra recovery at a higher temperature is
mainly attributed to a higher anneal temperature over the longer cumulative
recovery time. Although the values are somewhat different than previously
reported values [65, 188], the model of Stesmans’ is consistent with the data of
the relative ∆Vt-recovery.

5.4.3 Gate length dependence

The previous section showed that the recovery of hot-carrier degraded devices
by annealing is in line with Stesmans’ passivation model. The model assumes
that the passivation rate depends on the concentration of hydrogen at the
Si/SiO2-interface, where a higher concentration will lead to a higher passivation
rate and more recovery. Since the various materials that make up a MOSFET
(Figure 2.1) will contain different concentrations of hydrogen due to differences
in solubility (Chapter 3), devices of different technologies and dimensions may
have different recovery rates. Defects created in a device of a smaller gate
length will be located closer to the source, drain and spacers of a MOSFET,
where a different hydrogen concentration may influence the passivation rate.

To investigate if the recovery by annealing of degraded devices is affected by
gate length, devices of various gate lengths are stressed by hot-carrier injection.
Although the defect creation will be primarily located (relatively) close to the
drain, regardless of gate length, it is assumed that sufficient defects will be
created at a different absolute distance from the drain. A roughly similar ∆Vt

was induced in the devices, after which the devices were annealed at increasing
higher temperatures, where characterization was done at Tm = 25 ◦C. The
absolute shift in gm due to recovery of the devices as a function of anneal
temperature of ∆Vt is shown in Figure 5.5. This experiment is similar to
Figure 5.3, but where the difference in absolute ∆Vt after stress will be smaller
for all gate lengths. The relative recovery of ∆gm is shown in Figure 5.6, where
a typical value before (after) stress is gm = 663 (318) µA/V (W = 0.6 µm.)

Both figures show recovery as a function of anneal temperature, however, no
strong relation between gate length and anneal temperature up to Ta = 350 ◦C

can be observed, suggesting that the concentration of hydrogen for passivation
is not strongly affected by the gate length of the devices within this gate length
range.
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Figure 5.5: Recovery of ∆Vt as a function of the applied thermal treatment.
Characterization was done at Tm = 25 ◦C. The legend indicates W /L in µm/µm
and the gate oxide thickness was tox = 4.5 nm.

5.4.4 Cooling rate dependence

It is reported that during the hydrogenation process of polycrystalline silicon
thin-film transistors in forming gas, the concentration of hydrogen gettered
at the grain boundaries in the poly-Si films can be influenced by the cooling
rate [209]. It was proposed that most hydrogenation does not take place at the
temperature of maximum passivation (Ta = 400 ◦C), but during cooling down
from this temperature. It was noted that at Ta = 400 ◦C a significant portion
of hydrogen is re-emitted due a thermal energy higher than the binding energy.

The authors of Reference [209] proposed that the total amount of hydrogen
gettered at the grain boundary was determined during the cooling process,
where the cooling rate determines the diffusion distance/area from where
hydrogen can getter at the grain boundary. This raises the question of whether
the cooling rate can be used to increase the hydrogen concentration at the
Si/SiO2-interface and subsequently enhance the passivation rate.

The three cooling rate processes investigated are: quench cooling, where
the device is rapidly cooled, slow cooling, where the device is cooling in a linear
manner to room temperature (RT) and stepped cooling, where the anneal
temperature lowers in step wise manner to RT. Figure 5.7 shows the schematic
representation of the influence of the cooling rate on the area from where
hydrogen (red circles) may diffuse towards the Si/SiO2-interface and contribute
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Figure 5.6: Relative recovery of ∆gm. The percentage indicates how much
of the HCD induced ∆gm is still present. Characterization was done at Tm =
25 ◦C. The legend indicates W /L in µm/µm and the gate oxide thickness was
tox = 4.5 nm.

to the passivation process.
Degradation was done according to Table 5.1. The quench cooling (the

blue curve in Figure 5.8) was done by removing the device from the furnace.
The slow cooling (the black curve) had a cooling rate of 6

◦C=min. The stepped
cooling (the red curve) was done with steps of ∆T = 18 ◦C, after which the
temperature was kept constant for 10 minutes. This was done step by step
to a temperature of Ta ≈ 110 ◦C, below which any extra recovery should be
negligible [188].

Figure 5.9 shows the recovery of SS (top) and the recovery of Id,lin (bottom)
as a function of the annealing temperature. Similar recovery behavior of SS
and Id,lin are seen for all cooling rates, suggesting that the cooling rate has no
strong influence on the hydrogen concentration at the Si/SiO2-interface and the
recovery rate. No significant difference in recovery was observed between the
devices of different gate lengths.

In summary, the devices show no significant difference in recovery as a
function of the cooling rate, suggesting that hydrogen does not getter at the
interface in a similar manner as reported by Shika et al. [209]. The difference
may be attributed to a different physical situation, in particular, the annealing
ambient and the difference between poly-silicon grain boundaries and the
Si/SiO2-interface. Since no clear cooling rate dependency on the recovery rate
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Figure 5.7: Schematic visualization of the gettering process under various cooling
rates. The top row visualizes the situation at the anneal temperature, whereas
the lower row visualizes the situation after cooling down. The blue area indicates
which part of the device can contribute hydrogen (red circles) to the passivation
process.

was found for the devices under study, it is assumed that the cooling does not
enhance the local concentration of hydrogen.

5.4.5 Difference in Recovery Rates of Device Parameters

The parameters SS and Vt are affected by the number of interface defects, Nit,
oxide defects and fixed charge in the oxide (Equation 2.3 and Equation 2.15).
Figure 5.10 shows SS as a function of Vt [211], where the slope can be used
to indicate if the proportion of the degradation and recovery contributed to
interface defects [212] will change. The green line is a guide to the eye, indicating
a constant proportion of the degradation contributed to ∆Nit. During stress,
the degradation of Vt and SS do not change perfectly proportional at the same
rate for different stress times, in contrast to an earlier report [212]. This may be
explained by fixed charge, that gets introduced when the device is stressed for
a longer time, changing the measured SS (Equation 2.4). The recovery phase
does follow the proportionality line until almost complete recovery is achieved
for increasing higher temperatures.
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Figure 5.8: Different types of cooling process, quench cooling (blue), slow cooling
(black) and stepped cooling (red) from the annealing temperature (Ta) to room
temperature (RT).

Similar to Figure 5.10, when ∆gm,max is plotted as a function of ∆Id,lin, (close)
to linear behavior is observed. This suggests that a similar type of defect affects
both gm,max (Equation 2.8) and Id,lin (Equation 2.12), possibly degradation of the
mobility µ. Note: this thesis does not investigate how the mobility is affected by
HCI, so effects like the gate depletion effect of the n+-polysilicon gate change the
effective gate oxide capacitance Cox and have an influence on the mobility [2].

It would be expected that after annealing, all the damage in the device, i.e.
shifts in parameters, show comparable recovery. However, when the correlation
between gm,max and ∆Vt is given in Figure 5.11, the data suggests that this is
not the case. It seems that Vt recovers with a higher rate than gm at the
lower anneal temperatures, suggesting that interface/oxide defects and trapped
charge recover at different rates. Furthermore, in contrast to Figure 5.10, an
S-curve is observed instead of linear behavior. Similar behavior is observed for
Id,lin too and for all cooling rates, where a more profound S-curve was observed
at a smaller gate length.
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Figure 5.9: Recovery of SS (top) and ∆Id,lin (bottom) of the devices with W /L
= 10.0=0.6 in µm as a function of Ta (tox = 4.5 nm). The legend indicates the
cooling method. Characterization was done at Tm = 25 ◦C, where SS was
determined between Vgs = 0.05 V and Vgs = 0.45 V and the green line indicates
the value of the fresh device (∼ 80 mV=dec). Id,lin was determined at Vgs = 2 V .
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Figure 5.10: Correlation between ∆SS and ∆Vt of the devices with W /L =
10.0=0.6 in µm. The legend indicates the cooling rate. The subthreshold swing
was measured between Vgs = 0.05 V and Vgs = 0.4 V at Tm = 25 ◦C. The
green line is a guide to the eye to indicate a proportional recovery rate for Vt

and SS.

5.5 Recovery in various Ambients

In the experiments described above, it was found that the recovery after hot-
carrier degradation is not affected by gate length or cooling rate, but that
the passivation rate has an anneal time/temperature dependence in line with
Stesmans’ model (Equation 3.13). The model assumes that the passivation
rate depends on the hydrogen concentration at the interface and the forward
reaction rate. The forward reaction depends on the given technology and
fabrication processes and is assumed to not change significantly during the
degradation/recovery process. One might however be able to influence the
recovery through the hydrogen concentration in the chip and at the Si/SiO2-
interface itself.

The dielectric always contains some amount of hydrogen due to the various
fabrication process that involve hydrogen. Recovery in the section above was
achieved without supplying hydrogen externally, presumably assisted by the
available hydrogen in the chip itself. It is reported that the vertical diffusion
in the dielectric is fast enough that the reaction is not diffusion limited, but
reaction limited [43, 200], which suggests that either the maximum solubility is
reached in those experiments, or that Equation 3.13 needs to be extended. The
impact of hydrogen from an external source (ambient) on the recovery depends
among others on the solubility of hydrogen in the gate oxide and the back-end
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Figure 5.11: Correlation between gm,max and Vt of the devices with W /L =
10.0=0.6 in µm. The legend indicates the cooling rate. The measurement of gm

and Vt were performed at Tm = 25 ◦C.

dielectric, where an external source may ensure a sufficient supply of hydrogen.
Stesmans’ model raises the question of whether a supply of H2 from the outside
may increase the [H2] [210] at the interface and accelerate the recovery rate.

Furthermore, Equation 3.13 assumes that only the concentration of molecular
hydrogen influences the recovery rate. Molecular hydrogen is the most stable
hydrogen species, however, radicals (H0, H+, H−, etc.) are more reactive and
are also used for passivation. In particular, a hydrogen plasma is often used in
silicon solar cell fabrication [45]. The recovery rate can perhaps be improved
by introducing more reactive hydrogen radicals in the device [213] (instead of
only H2) to improve the reaction rate with the dangling bonds.

Stesmans’ model predicts that (almost) complete recovery is possible, but
to achieve this within a short time frame (ta < 1 hour) a temperature of at
least Ta = 400 ◦C is needed. At lower temperatures, a longer time is needed
to get almost complete recovery (ta > decades for typical microchip operating
temperatures). This section presents the results of recovery experiments on HCI
degraded nMOSFETs by annealing in various ambients at a lower temperature
and discusses how the recovery time can be decreased [214].

5.5.1 Experimental

In this study, the general effects of hydrogen on the recovery of hot-carrier
degraded nMOSFETs from the industry have been studied. All devices are
Research&Development samples and are fabricated up to the first metal layer.
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Table 5.2: Designed gate width (W ), length (L) and oxide thickness (tox) of the
studied nMOSFETs and characterization techniques.

Technology
W/L (µm/µm) A B C

10.0/1.0 X X X
10.0/0.6 X X
10.0/0.5 X X X
10.0/0.35 X
10.0/0.25 X X
1.0/0.25 X X
tox (nm) 7.0 5.3 4.5

Measurement IV, CP IV IV

Three different technologies (technology A, B and C) from consecutive genera-
tions have been investigated. All technologies are bulk-Si-based, have a poly-Si
gate and a SiO2 gate oxide.

Technology A has devices made in two variants: in one variant, hydrogen
is used during the passivation step. The other variant uses deuterium in the
passivation step [215] (see Chapter 7). Different from the other two, Technology
B features a silicon nitride scratch protection layer and gate protection diodes.
Technology C has the thinnest gate oxide; it was also used in earlier experiments
investigating recovery by annealing in Section 5.4. Table 5.2 specifies the
dimensions of the studied devices.

Characterization (CP- and IV-characterization) and degradation were done at
Tm = 25 ◦C in air. The electrical stress consisted of Drain Avalanche Hot-Carrier
Injection (DAHC) for ts = 300 s. The applied drain-source voltage depended
on the used technology and gate length, L, varying between Vds = 4.2 V and
Vds = 4.8 V. The gate voltage, Vgs, was set to maximum bulk current, |Ibulk|.

Figure 5.12 (top) shows ∆Ncp due to different degradation conditions of
hydrogen or deuterium passivated devices. In line with the literature, a factor
2-3 difference in degradation can be observed due to the isotope effect [216].
The different ∆Ncp values as a function of gate length are not only due to L
but also relate to the adapted bias conditions per device, as mentioned earlier.

However, when the recovery of a device parameter is plotted after annealing
in relative terms, such as shown in the bottom of Figure 5.12, the differences
between individual devices are no longer visible. In the experiments, the
amount of recovery is always proportional to the amount of damage inflicted
earlier; it only depends on the ambient and, in some cases, on the presence
of a silicon nitride layer. This also holds for the other monitored transistor
parameters. Therefore, the findings are presented in terms of relative recovery
in the remainder of this section. This further allows combining data from
different channel lengths into a single box plot to indicate the found experimental
variations.

Experiments have been performed to investigate the recovery as a function
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Figure 5.12: The gate length dependence of the degradation ∆Ncp of H/D
passivated devices (technology A) in absolute values (top) and the recovery
after the anneal in an H2 ambient in relative terms (bottom).

of the gate length and the repassivation of hydrogen versus deuterium passivated
devices. The results confirmed earlier results in Section 5.4.3 [206] that gate
length has no strong influence on the recovery rate. Also, a similar recovery
mechanism plays a role in the recovery of both hydrogen and deuterium
passivated devices, which will be further discussed in Chapter 7 [217]. This is
explained by the fact that even for deuterium passivated devices, hydrogen
is present in the dielectric and may (mainly) contribute to the repassivation
step. After many cycles of degradation and recovery, the deuterium passivated
devices will become hydrogen passivated (Chapter 7).

5.5.2 Ambients

After the degradation step described in the section above, the device are
annealed in various ambients to induce and enhance the recovery rate. Each
set of devices was annealed in different ambients at Ta = 200 ◦C for 60 minutes.
This anneal time and temperature will correspond to partial recovery, which
means that a positive or a negative effect on the recovery rate can be observed
from an increased or decreased overall recovery. The temperature ramp (at
10 mbar, t = 30 minutes) and cool down (at 1 bar) were done in argon gas, inert
to the recovery process.

Some recovery can take place during the temperature ramp, however, it
is assumed that most recovery takes place during the one-hour anneal time
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at the highest temperature. It is assumed that the presence of Ar or N2 has
no significant influence on the recovery; argon anneals are therefore used as a
reference to the other experiments.

The ambients were: Ar; a mixture of Ar and H2 (partial H2 pressure of
0.4 mbar); and the same Ar + H2 mixture and pressure with a remote RF
plasma. The minimum power to ignite the plasma was 200 W; the maximum was
2 kW. Furthermore, atomic hydrogen was created by hot-wire thermal cracking
of undiluted molecular hydrogen at low-pressure (0.1 mbar) in a dedicated
experimental setup [218]. Molecular hydrogen is led along a tungsten filament,
which heats up and thermally cracks the hydrogen into atomic hydrogen before
reaching the samples. The experimental process is summarized in Figure 5.13.

2 kW200 W

Ar, H2 + Plasma
Ar + H2Ar H

DAHC

CharacterizationRecovery

Characterization

Degradation

CharacterizationPre-Stress

Ambient

Stressed

Figure 5.13: Schematic of the experimental process.

5.5.3 Argon (Low Pressure)

Figure 5.14 shows the effect of hot-carrier degradation and annealing in an
Ar ambient on the drain current of an exemplary device. Table 5.3 shows
the values of the parameters extracted from the IV- and CP-measurements.
Degradation and recovery are visible by the significantly shifting curves and
parameters (see Table 5.3). Averaged over all devices of different gate lengths
and passivation species, a recovery of approximately 23.2% for ∆Ncp is achieved
by annealing in argon. Furthermore, Vt and SS show similar recovery rates
(≈ 40%), as well as gm,max and Id,lin (≈ 10%), which is line with Section 5.4.5.
This further suggest that different defects in the device recover at different
rates, e.g. mobility, interface states, trapped charge etc.

Figure 5.15 shows the Icp of a fresh device, after stress and after the anneal
(top figure). The graph shows that after degradation, the Icp per pulse increases,
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Vds = 0.1 V

Figure 5.14: Effect of exposing a HCI degraded device to an argon ambient
(L = 0.35 µm) of technology A (ts = 300 s, Vds = 4.8 V, Vgs = 1.7 V).

indicating that new recombination centers are created. These defects are
recovered after the anneal, i.e. the Icp per pulse decreases. The bottom figure
shows the ∆Icp between the CP-measurement after stress and after the anneal,
i.e. the figure shows the defects that are recovered by the anneal treatment.

Fresh Stressed Annealed Recovery
Vt (mV) 669 954 843 38.9%

gm,max (µA/V) 508 336 346 5.8%
Id,lin (µA) 550 334 364 13.9%

SS (mV/dec) 84 116 103 40.6%
Ncp (1010 cm−2) 3.4 60.1 49.7 18.3%

Table 5.3: Parameter values belonging to the IV -curves of Figure 5.14. The
CP-measurement has been performed using a frequency of fcp = 100 kHz
(L = 0.35 µm, technology A). The measurements were done at Tm = 25 ◦C.

Charge-pumping can be used to distinguish interface and border traps
(Chapter 2. In these experiments no significant difference in Icp is observed
when the CP-data measured at a frequency of fcp = 100 kHz and fcp = 3 MHz
are compared. This suggests that mainly interface states are created/repaired
in the degradation/recovery step, visualized in Figure 5.16 (after Figure 5.15). The
assumption is that the frequency dependence only emerges when more severe
damage is inflicted to the device, in order to produce significant amounts of
deep oxide traps [23] and that a comparison of relative recovery can be made
at the various CP-frequencies, see Chapter 7.



78

5.5.
REC

O
V

ERY
IN

V
A

RIO
U

S
A

M
BIEN

TS

Figure 5.15: Top: The charge per pulse of Icp (fcp = 100 kHz) for a fresh,
a stressed and an annealed (in argon) device. Bottom: The ∆Icp per pulse
recovered due to the anneal, measured at two frequencies.

5.5.4 Argon + Molecular Hydrogen (Low Pressure)

The effect of externally supplied H2 on the recovery rate at low concentrations
is investigated by comparing the recovery in Ar to recovery in an Ar-H2 mixture.
Figure 5.17 shows the percentage of Ncp present after exposure to various
ambients. The recovery rates between an Ar and H2-ambient are similar, but a
small hydrogen pressure seems to be beneficial for the recovery rate, even at
this low concentration. This finding is in line with Stesmans’ model, where the
effective hydrogen concentration at the Si/SiO2-interface is important for the
recovery rate and can be tweaked using an external hydrogen supply.

5.5.5 Hydrogen Plasma (Low Pressure)

Radicals are highly reactive, so the recovery of hot-carrier degraded devices
using hydrogen radicals may be enhanced compared to recovery in a molecular
hydrogen ambient. Hydrogen radicals can be produced in a hydrogen plasma,
where the concentration of hydrogen radicals depends on the used RF power.
The highest available RF power (2 kW) in the experimental setup should result
in the highest concentration of hydrogen radials, however, it also results in
plasma-induced degradation (Section 4.6, Figure 4.8).

A plasma power this high is therefore unsuitable to investigate possible
beneficial effects of reactive hydrogen species. At the lowest possible RF power
of 200 W, PID effects are much reduced and some recovery takes place, see
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100 kHz 3 MHz

Figure 5.16: Recovery of ∆Ncp of devices (technology A) after an Ar-anneal.
The CP-measurements are done using a frequency of fcp = 100 kHz (black) and
fcp = 3 MHz at Tm = 25 ◦C. Each data box represents the recovery of all
device dimensions (see Table 5.2).

Figure 5.17. However, this recovery is lower than with the HCI degraded devices
exposed to the Ar or Ar + H2 ambient, indicating that recovery and plasma
damage occur at the same time. (In the figure, negative recovery indicates a
further increase of ∆Ncp caused by the plasma treatment.)

The assumption that plasma damage plays a role in these experiments is
supported by gate leakage measurements. Figure 5.18 shows the gate current as
a function of the gate-source voltage after exposure to different ambients. The
gate leakage remains very low on the devices exposed to an Ar or H2 ambient,
suggesting no change in the gate oxide. Exposure to the plasma resulted in
an increase in gate current at higher gate bias, and more so when the plasma
power is higher. In combination with Figure 5.17, this suggests that any possible
positive effects of using radicals on the recovery rate do not outweigh the
negative effects of exposure to hydrogen plasma in this experiment.

5.5.6 Atomic Hydrogen (Low Pressure)

To investigate the influence of radicals on the recovery rate and circumvent PID,
atomic hydrogen radicals are produced in a different manner. Atomic hydrogen
can be produced by thermal cracking instead of creating a plasma. A chip with
hot-carrier degraded devices from technology C (Table 5.2) is annealed in an
atomic hydrogen ambient and compared to samples annealed in a nitrogen
ambient of Section 5.4, for the same temperature and time. A similar recovery



80

5.5.
REC

O
V

ERY
IN

V
A

RIO
U

S
A

M
BIEN

TS

Figure 5.17: Recovery of ∆Ncp due to HCI degradation (in % of maximum
∆Ncp) after annealing in an argon, hydrogen plus argon or a hydrogen plasma
(Prf = 200 W) ambient on devices of technology A. The recovery over all
device dimensions are taken into account (see Table 5.2)

Vds = 0.1 V
W = 10.0 µm
L = 0.5 µm

Figure 5.18: Gate current of hydrogen passivated hot-carrier degraded devices
(technology A) after the anneal in various ambients.



81

C
H

A
PTER

5.
EN

H
A

N
C

IN
G

REC
O

V
ERY

rate is observed, indicating negligible effects of atomic hydrogen on the recovery
process(es).

This suggests that either insufficient atomic hydrogen reaches the Si-SiO2

interface, or that atomic hydrogen has no (net) passivating effect at this interface.
Earlier experiments have shown that the atomic hydrogen in this setup can
reach the chip surface [218]. However, atomic hydrogen is highly reactive and
it may have reacted inside the back-end of the device, before reaching the
Si-SiO2-interface.

5.5.7 Role of Silicon Nitride Scratch Protection Layer

Recovery of HCD devices by exposure to a hydrogen ambient was further
investigated using the devices of Technology A and B, where in line with
expectation, PID was prevented by the protection diode. Figure 5.19 shows
the recovery of ∆SS of devices with and without the silicon nitride layer in an
H2 ambient and in a low-power hydrogen RF plasma. The data show that the
devices without the silicon nitride layer recover more in a hydrogen ambient
compared to the devices with the layer. This can be explained by the silicon
nitride acting as a diffusion barrier for hydrogen, preventing outside hydrogen
to contribute to the recovery step.

H2-Exposure H-Plasma Exposure

Figure 5.19: Recovery in the shift in SS due to HCD (in % of maximum ∆SS)
after exposure to an H2-ambient (Left) or exposure to a hydrogen plasma
(Prf = 200 W) (Right). The devices are from technology A and B.

A silicon nitride layer blocks any ambient hydrogen from entering the chip
and similarly locks hydrogen inside the devices. The recovery in a nitride-capped
chip can therefore be purely attributed to the hydrogen already present in
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the gate stack. Such nitride protection layers are very common in integrated
circuit manufacturing and as a consequence one has to rely on an internal
hydrogen supply to enhance the recovery rate through an elevated hydrogen
concentration [219].

5.5.8 Nitrogen + Molecular Hydrogen (High Pressure)

In the previous sections, the data suggested that externally supplied hydrogen
ambient will result in enhanced recovery, even if the (partial) pressure of hydro-
gen is low. In line with Stesmans’ model, it is expected that if more hydrogen
can be supplied to the Si/SiO2-interface even more recovery can be achieved.
However, depending on the used technology and fabrication process, the im-
provement in hydrogen concentration could be constrained by the maximum
solubility of hydrogen in the device at a specific temperature (Chapter 3). If
more hydrogen can be dissolved in the device, a more pronounced difference
in recovery rate due to hydrogen compared to the results of Section 5.5.4 can
be observed.

To investigate an improvement in recovery, devices have been degraded
by HCI according to Table 5.3 and subsequently annealed in a pure nitrogen
ambient (PN2 = 5.1 bar, inert to the recovery process) and a (PH2 = 0.6 bar,
PN2 = 4.5 bar) for ta = 2 weeks (ta > 106 s), at an elevated temperature
Ta = 100 ◦C.

Figure 5.20: Relative recovery ∆Ncp of hot-carrier degraded devices after an
anneal (Ta = 100 ◦C) at elevated pressures (Ptotal = 5 bar). Characterization
was done at Tm = 25 ◦C.

Recovery due to the long time anneal is shown in Figure 5.20, where the
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amount of recovery indicates how much of the increase in CP-current due
to HCI is removed. CP measurements have been performed at Tm = 25 ◦C,
where 0% indicates that no recovery has taken place. A more pronounced
improvement in recovery rate is visible when hydrogen is used compared to
the devices exposed to a pure nitrogen ambient, compared to exposure to a
low-pressure hydrogen ambient. The concentration of hydrogen in the ambient
is much larger (PH2 = 0.6 bar versus PH2 = 0.4 mbar) and provides more
hydrogen in addition of the hydrogen already present in the chip. It is indicative,
that the recovery rate is indeed hydrogen concentration-dependent and as high
as possible hydrogen concentration is necessary to improve the recovery rate.
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5.6 Summary and Conclusion

Devices degraded by hot-carrier injection can recover under the right circum-
stances. The recovery of the devices seems to follow the passivation model
proposed by Stesmans, where the recovery depends on various factors, i.e.
anneal temperature, anneal time, technology and the availability of the pas-
sivation species, hydrogen, for the defects. Due to the various fabrications
steps, hydrogen is always present in the gate and recovery can take place
when a temperature treatment is applied, however, even at low concentration,
externally supplied hydrogen will result in a higher recovery rate at operating
temperature. A temperature treatment is shown to be the most effective
method to repair device damage within a reasonable time frame, where an
anneal temperature of Ta = 350−400 ◦C is needed to induce total recovery of a
hot-carrier degraded device. To reach this temperature periodically, the energy
needed makes this temperature too high and energy inefficient to be practical
for commercial applications. In addition, this temperature will negatively affect
other areas of the chip (solder, packaging). Applying a temperature treatment at
a lower temperature will only induce partial recovery of a hot-carrier degraded
device, where the usual operating temperature in the order of T ≈ 150 ◦C

corresponds to roughly 50 % recovery within a reasonable time frame. To
investigate how various methods/material properties can influence the recovery
rate in a positive or negative way, various experiments have been conducted.
The main findings described in this chapter are:
• The recovery rate could not be enhanced under the experimental conditions
in combination with light-soaking.
• The recovery rate could not be enhanced under the experimental conditions
by applying a bias.
• Stesmans’ model is experimentally tested and seems to model the recovery
to a high degree.
• The cooling rate from anneal temperature to measurement temperature does
not seem to play a significant role in the recovery rate.
• In line with earlier reports, more recovery takes place at higher tempera-
tures and complete recovery within a reasonable time frame can be used if
a temperature of at least Ta = 400 ◦C is used. Exposure to temperatures in
excess of Ta > 500 ◦C induces permanent, unrecoverable thermal degradation.
In addition, out-diffusion of hydrogen may start to take place.
• The geometric dimensions of a device do not seem to have a significant
influence on the recovery rate. The distribution of hydrogen in the device was
assumed to be uniform under the experimental conditions, regardless of the
material/gate dimensions.
• Device parameters recover at different recovery rates, suggesting that more
than one type of defect recovers.
• Externally supplied hydrogen seems to enhance the recovery rate, even at
low concentrations. More recovery under the same experimental conditions is
achieved if hydrogen is supplied from a higher pressure ambient.
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• Using hydrogen radicals does not seem to improve the recovery rate. Exposing
hot-carrier degraded devices to a hydrogen radical ambient lead to a negligible
difference in recovery (atomic hydrogen exposure) or even less recovery, ac-
companied by new PID damage (hydrogen plasma exposure).
• A silicon nitride scratch protection layer acts as a diffusion barrier preventing
hydrogen to enter the device from the outside. Similarly, hydrogen is assumed
to be unable to leave the chip if such a diffusion barrier is used.

Combining these findings, the recovery rate of hydrogen-related defects can
be improved by increasing the supply of the passivation species. Especially if
hydrogen under high pressure is locked inside the device using a diffusion barrier,
preventing out-diffusion of hydrogen. These considerations may have a positive
influence on the recovery rate of hydrogen-related defects. However, usually
other defects than only interface defects are created during the degradation
step, e.g. charging, oxide traps. In the next chapter, the difference in the
recovery rate of different defects is investigated.





CHAPTER 6
Recovery: Fast versus Slow Traps

6.1 Introduction

When an HCI-degraded device was annealed, it resulted in (partial) recovery
(Chapter 5), depending on the anneal temperature and the concentration of
hydrogen at the Si/SiO2-interface. This recovery process could be described in
terms of the passivation of dangling bonds by hydrogen, where the interface
defects were created during the hot-carrier stress phase. This recovery process
is commonly described by the passivation model (Equation 3.13) proposed by
Stesmans [65], which describes the hot-carrier induced shift in device parameters,
e.g. Vt, back to its original, pre-stress value, see Chapter 5. However, the hot-
carrier induced parameter shift cannot be attributed to only the (de-)passivation
of interface defects; the structural change in the gate dielectric and charge (de-
)trapping of oxide- or interface-defects also play a role [212, 221], as described
in Chapter 3. This makes the proportionality relation between Vt and Nit of
Equation 2.17 invalid:

∆Nit 6∝ ∆Vt. (6.1)

If Stesmans’ model describes the recovery of interface states and thus
the recovery of device parameters in terms purely based on hydrogen pas-
sivation, the predicted recovery rate will deviate if a significant number of
non-hydrogen-related defects are present. The difference in predicted recovery
and experimental results will be exacerbated even more if there is a stark
difference in recovery mechanism and recovery rate between different types of
defects. This chapter will discuss various experiments performed to investigate if
the presence of non-hydrogen-related defects at the Si/SiO2-interface or in the
gate oxide may lead to a different recovery rate and to what degree Stesmans’
model predictions can deviate from experiments.

Parts of this chapter have appeared in [220]
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6.2 Experimental

The devices under study in this chapter are long-channel nMOS devices with
a gate width of W = 10.0 µm, a gate length of L = 0.5 µm and a gate
oxide thickness of tox = 7.0 nm of SiO2. Method B of Figure 2.13 was used
to distinguish how the type of defect affects the recovery rate of the devices.
Hot-carrier injection was used to induce degradation, where the drain-source
voltage was kept at Vds = 4.5 V and the gate-source voltage at Vgs = 1.9 V for
ts = 10 ks, the condition where |Ib| is maximum for DAHC. BTI was measured
on separate devices under similar gate-source bias conditions as for HCI, (drain
kept at a floating bias) and a delay of 1 s was used to measure Vt. No long-term
BTI contribution to ∆Vt was observed.

6.3 Charge Detrapping

When the recovery of hot-carrier degraded devices is described using Stesmans’
hydrogen passivation model, the recovery rate depends strongly on the anneal
temperature (Ta), where a higher anneal temperature will result in a higher
recovery rate. The stress temperature (Ts) should not affect the recovery rate
according to Stesmans’ model, only the concentration of interface states, regard-
less of how they were introduced. When a device is annealed, a temperature
step may take place before the recovery starts, i.e. the annealing temperature
is higher than the stress temperature. Assumed is that negligible recovery takes
place at lower temperatures compared to the actual anneal temperature (this
of course is only the case when Tm < Ta).

To investigate if the recovery rate is affected by a temperature step and
not only the anneal temperature, three sets of devices were stressed and
recovered at two temperatures. One temperature was at room temperature as
a reference and the other at a temperature that the thermochuck could reach
within a reasonable time, see Section 2.4. Two sets had an identical temperature
during stress and recovery: Ts = Ta = 25 ◦C and Ts = Ta = 85 ◦C. One set
had a temperature step, Ts = 25 ◦C and Ta = 85 ◦C. It was assumed that a
negative temperature step (Ts > Ta) would not result in relevant data, since
most recovery would take place shortly after a stress phase ends.

Figure 6.1 shows the recovery of the hot-carrier induced shift in threshold
voltage (∆Vt) as a function of anneal time (ta), corrected for the healing delay
effect of Figure 2.15 (Section 2.4.2) by subtracting the delay in threshold voltage
shift. The shift in Vt is calculated with respect to the first measurement after
stress when the anneal/recovery temperature is reached. The devices that
were stressed and annealed/recovered at the same temperature (denoted
with squares and circles) show a small recovery as a function of recovery
time, however, increasing the temperature after stress (temperature step) will
increase the recovery rate of Vt, even after a correction due to a difference in
HCI induced degradation (due to temperature dependence of HCD), suggesting
that a higher recovery rate is present.
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Figure 6.1: The shift in Vt as a function of anneal/recovery time with respect to
the first measured Vt after stress at Ta. The red triangles denote a temperature
step between the stress and recovery phase, the green circles and the blue
squares denote devices where the stress and recovery temperature was the
same.

Similar behavior may be observed in BTI degraded devices. It is reported
that devices degraded due to BTI can significantly recover at lower tempera-
tures compared to devices degraded by hot-carrier injection [136, 222]. This
recovery at a lower temperature can be attributed to recovery mechanisms
like discharging of oxide traps (Ea ≈ 0.2 eV) [136, 223] and to a lesser degree
to the repassivation of interface traps. This recovery behavior is described by
a permanent (P ) and a recoverable part (R), where it is assumed that the dis-
charging of oxide defects plays a major role for the time-dependent recoverable
part [133, 224]. Similar to the passivation mechanism described by Stesmans,
the time constants for detrapping from the defects are temperature-dependent
via an Arrhenius dependency [156, 224]:

fi(∆EB,T ) = fi0exp(
∆Eb

kbT
), (6.2)

where kb is the Boltzmann constant and ∆Eb is the tunneling barrier. This
results in a recovery behavior that seems to be linear on log(t)-scale of interest
and can be described by an empirically found, universal relaxation equation
(Equation 6.3) [136, 147, 156, 225]:

∆Vt(t) = P +
R0

(1 + B‰(t)˛)
, (6.3)
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where the parameters B and ˛ are fitting parameters and ‰ is the ratio between
stress and recovery time: ‰ = ta

ts
. The recoverable component depends on

the total amount of introduced defects (R0) that can recover as a function
of recovery time and temperature. The permanent component P does not
significantly change during the recovery time (within the experimental time
window), however, it is reported that complete recovery of BTI degraded
devices can take place after an anneal of sufficient temperature. It will recover,
but with a much smaller recovery rate than the recoverable component or
that a higher anneal temperature is necessary to induce recovery of this
component [154, 226, 227].

It was observed that when a temperature increase takes place during the
recovery step, the recovery rate first accelerates until a new log(ta)-dependent
recovery rate is reached [222, 224]. Temperature-dependent discharging of
oxide defects (Equation 6.2) [224, 228--230] could play a role in the recovery of
hot-carrier degraded devices as well [231].

Figure 6.2 shows the shift in the interface defect density (∆Nit) measured
with the CP-measurements (Section 2.2) as a function of the shift in the threshold
voltage after degradation (squares) and after the subsequent anneal (triangles)
at two different temperatures. The black diagonal lines denote proportionality
between Vt and Nit. When there is a significant amount of trapped charge and
oxide traps present and ∆Vt is not proportional to ∆Nit at both temperatures,
Equation 6.1 becomes more clear.

The fact that ∆Vt is not proportional to ∆SS, is in line with the Vt mea-
surements when they are done before and after the CP-measurement: a small,
but reproducible decrease is observed (∆Vt = 3 mV). The difference may be
explained by charge detrapping by the applied voltage pulse on the gate during
the CP-measurement.

Recovery of ∆Vt after HCD was observed at lower temperatures before,
however, besides interface trap recovery, detrapping may have been involved
here as well [232--235].

To differentiate between recovery due to discharging and repassivation
of interface defects, charge-pumping characterization has been done, see
Chapter 2.2. The recovery of the charge per cycle (Icp=fcp) as a function
of anneal/recovery time, measured under similar conditions as the data for
Figure 6.1, is shown in Figure 6.3 (Ta = 85 ◦C, fcp = 100 kHz). Here the value 0
at ta ≈100 s indicates that no recovery has yet taken place.

The red curve is from a device degraded at Ts = 25 ◦C, after which a
temperature step took place to the anneal temperature and the blue curve
is of a device degraded at Ts = 85 ◦C. In contrast to Figure 6.1, the recovery
rate did not show an enhancement in recovery rate after the temperature step,
indicating that a temperature step does not affect the recovery rate of interface
states. This means that the interface state recovery rate is only affected by
the anneal temperature and not by the HCI stress temperature, again in line
with Stesmans’ passivation model.

Applying a temperature treatment to HCD devices will not only recover Pb-
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Figure 6.2: The shift in Nit and Vt at various cumulative degradation times and
after annealing. The blue curve indicates a sample where Ts = Ta = 85 ◦C. All
measurements for the red curve were done at Tm = 85 ◦C. The red curve
indicates a sample where Ts = 25 ◦C and Ta = 85 ◦C. All measurements for
the blue curve have been done at Tm = 25 ◦C.

centers, but detrapping and recovery of border/oxide traps may also take place.
This leads to threshold voltage recovery being affected by charge detrapping
(Figure 6.1). Recovery of the CP-current results in a recovery rate more in
line with Stesmans’ model (Figure 6.3). However, when the CP-current is used
to determine the density of traps, it will make use of all defects that can
act as a recombination center, not only the hydrogen-related interface states.
Furthermore, after stress and during annealing oxide defects can be transformed
into interface defects [236], clouding the exact recovery mechanism that takes
place. In the next section, the experiments to distinguish the recovery of non-
hydrogen-related oxide traps and the hydrogen-related interface states will be
discussed, and how both may affect the total recovery rate.

6.4 Differentiating between Interface and Oxide Trap
Recovery

In order to quantify the recovery rate of the (fast) hydrogen-related interface
defects and the (slow) oxygen-related border defects, it is necessary to distinguish
both types of traps during characterization. The charge-pumping method takes
the deeper and slower traps into account at lower CP-frequencies due to
the longer time constant for emission of deeper traps [198], whereas only the
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Figure 6.3: Recovery of the charge per cycle at fcp = 100 kHz as a function of
anneal time. Red: recovery of a device, where Ts = 25 ◦C, Ta = 85 ◦C. Blue:
recovery of a device, where Ts = Ta = 85 ◦C.

fast (interface) traps are taken into account at the higher CP-frequencies. The
difference in CP-current at a low or high CP-frequency (fcp) is used to get a better
understanding of the recovery behavior of both types of defects (Section 2.2.3)
and how they work in parallel.

Figure 6.4 compares the CP-current per cycle correlated to the ∆Vt due
to degradation for all CP-frequencies. If only the introduction of new interface
traps contributes to the shift in threshold voltage, the proportionality ratio
∆Vt ∝ ∆Nit should be observed for all frequencies. The data shows that
∆Vt is correlated with the charge per cycle, ∆Icp

fcp
, but that there is a frequency

dependency. Overall, the relative increase is bigger in ∆Vt than for ∆Nit,
or: it does not affect ∆Nit in the same way as it affects ∆Vt, possibly fixed
charge or oxide traps. The slope is 3.8 · 1011 cm−2=V for fcp = 10 kHz and
2.8 · 1011 cm−2=V for fcp =1 MHz at Tm = 25 ◦C, suggesting that at lower
frequencies a combination of traps (∆Nit and ∆Not) is measured, again in line
with Equation 2.26 and Equation 6.1. Note that discharging may also play a role,
see the previous section.

The shift in charge per cycle with respect to a fresh, undegraded device
for all frequencies after stress (ts = 1 ks, ts = 10 ks, Ts = 25 ◦C) and after
anneal (Ta = 85 ◦C) is shown in Figure 6.5, where all CP-measurements were
done at Tm = 25 ◦C. After ts = 1 ks of hot-carrier induced stress, a similar
increase in ∆Icp=fcp can be observed for all frequencies (the 1 ks stress line is
horizontal). This indicates that in this time frame mainly new fast traps are
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Figure 6.4: Progress of ∆Icp per cycle as a function of ∆Vt during degradation.
The time near the data points indicate the cumulative stress time.

introduced presumably interface traps.
When the same device is stressed for 9 ks more, ts =10 ks of cumulative

hot-carrier stress, the CP-current per cycle increases over all frequencies. The
increase is more significant at the lower CP-frequencies, e.g. fcp = 10 kHz,
compared to the higher CP-frequencies, e.g. fcp = 3 MHz (the 10 ks stress line
is curved). This suggests that a combination of both fast, interface traps and
slower, oxide are present, after the 10 ks of stress. Initially mainly interface
traps are introduced after a hot-carrier induced stress phase and after the
concentration of available Si-H bonds to break drops also deeper (oxide) traps
are created.

The charge per cycle measured after the anneal step (after cooling down to
the measurement temperature) shows a decrease, indicating that recovery of
traps introduced during the stress phase has taken place. The recovery step
resulted in a roughly equal decrease of ∆Icp=fcp for all frequencies (the line
keeps a similar ’curve’), suggesting that mainly traps that can be measured at
all frequencies, i.e. Nit, are removed. The passivation of these interface traps
can be described by Stesmans’ passivation model (Chapter 5). However, this
device has a combination of interface and oxide traps, making the percentage
of recovery of the number of recombination centers Nrc frequency depended:
at fcp = 10 kHz roughly 33% of the created ∆Icp is removed due to the anneal
step and roughly 50% of the created recombination centers when ∆Icp is
measured at fcp = 3 MHz.

The difference in absolute recovery is also visible in Figure 6.6, where the
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T = 25 °C

ts = 1 ks

ts = 10 ks Anneal

Figure 6.5: The change in CP-current per pulse as a function of the CP-frequency
after electrical stress and after annealing in air (Ta = 85 ◦C). The measurement
was always performed at Tm = 25 ◦C. The arrows indicate how the CP-current
per cycle progresses after stress and after annealing.

recovery of the shift in charge per pulse is set as a function of anneal time
(Ta = 85 ◦C) for all frequencies. The recovery shows a log-like recovery behavior
for all frequencies and the recovery rate seems to follow the same absolute
recovery rate, regardless of the used CP-frequency and hence the measured
concentration of recombination centers. Since the absolute recovery rate seems
to be similar for all frequencies, regardless of the used CP-frequency, Figure 6.6
suggests that mainly one recovery mechanism dominates the recovery process
at this anneal temperature, presumably the passivation of the fast interface
states.

Since Stesmans’ model only assumes the recovery of interface states due
to hydrogen passivation and describes the ratio between unpassivated and
passivated defects (Equation 3.13), an underestimation of the recovery rate is
made if the deeper defects aren’t taken into account (the 30% versus 50%
recovery of Figure 6.5).

The data of Figure 6.6 suggests that the recovery of Icp has a recoverable
and a permanent component, similar to the universal relaxation equation.
Although Equation 6.3 is generally used to describe recovery after BTI, it can
also be used as a fitting function to distinguish a permanent and recoverable
component of recovery after HCD. Applying the universal relaxation rate to
the data of the CP-measurements, it results in the fitted lines of Figure 6.6.
Note that although the universal relaxation curve does not give any information
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Figure 6.6: Recovery of Icp per cycle as a function of the anneal/recovery time
at different frequencies. The lines indicate the fit of the data according to
Equation 6.3.

on the physical recovery mechanism, it can be used to fit and compare the
recovery data at different frequencies.

The fitting parameter ˛ of Equation 6.3 used for the fit of Figure 6.6 shows a
small increase for higher frequencies when fitted with the least-squares method,
which is shown in Figure 6.7. This may be explained by a small recovery rate
for oxide traps [237].

As mentioned in Section 2.2, the CP-current can be used to calculate the
density of recombination centers, where they depend on low CP-frequency (LF)
and high CP-frequency (HF) by:

LF : Ncp,LF(ta) = Nit(ta) + Not(ta);

= Nit,0 + ∆Nit(ta) + Not,0 + ∆Not(ta);
(6.4)

HF : Ncp,HF(ta) = Nit(ta);

= Nit,0 + ∆Nit(ta).
(6.5)

Using Equation 6.4, Equation 6.5, the data in Figure 6.6 and the data fit,
acquired using the universal relaxation curve, the recovery of Nit and Not as a
function of anneal time is plotted in Figure 6.8. Here is assumed that at the
highest frequency (fcp = 3 MHz), mainly Nit contributes to the CP-current and
contributions due to Not can be neglected.

Figure 6.8 suggests that the oxide traps (blue line) have a slow recovery rate,
which is in line with Figure 6.7. The difference in recovery rate with respect
to the maximum Icp between Nit and Not is shown in Figure 6.9, where no
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Figure 6.7: Fitting parameter ˛ of Equation 6.3 as a function of the CP-frequency.

Figure 6.8: Total Icp per cycle attributed to Nit (fcp = 3 MHz) and the combina-
tion of Nit and Not (fcp = 100 kHz). The difference between the two fitted lines
(fitted using Equation 6.3) is used to calculate Not recovery.

recovery is denoted by 0. The defects attributed to Not do recover, albeit
slower than the defects attributed to Nit (≈ 7 times slower after 3 · 105 seconds
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of annealing according to Figure 6.9).

Figure 6.9: Recovery of Icp per cycle at Ta = 85 ◦C attributed to the recovery
of ∆Nit (fcp = 3 MHz) and the combination of ∆Nit and ∆Not (fcp = 100 kHz).

The data fit of Figure 6.7 is used to make an interpolation of the data points
at different frequencies to create Figure 6.9. However, some considerations
to be taken into account are that the data of Figure 6.9 is acquired with the
assumption that at fcp = 3 MHz, oxide traps do not contribute significantly to
the charge pumping current. Furthermore, the universal relaxation curve results
in a relatively good fit of the data, but the equation assumes the presence
of a permanent and recoverable part and is originally not intended to model
interface and oxide trap recovery. Furthermore, the permanent part is only
semi-permanent, i.e. oxide trap recovery does take place but significantly less
than interface trap recovery, which may affect the fit of the reversible part in
Equation 6.3.

The experiments discussed in this section suggest that the methods to affect
the recovery rate (Chapter 5), affect the recovery mechanism that has the
highest recovery rate (and thus has the biggest influence on the healing of the
device) at operating temperatures of commercially available chips. As a side
note: oxide trap recovery may be affected when other treatments are used,
e.g. an anneal in an oxygen ambient.
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6.5 Summary and Conclusion

In this chapter, the recovery of hot-carrier degraded nMOS by annealing and
the role of different types of defects play have been investigated. Hot-carrier
injection will lead to the introduction of hydrogen-related interface states, re-
sulting in a shift in electrical parameters. The previous chapter showed that the
recovery of hydrogen-related defects can be described by the passivation model
of Stesmans. In addition to hydrogen-related defects, charge (de-)trapping and
the introduction/recovery of oxide traps play a role in the lifetime of devices
and the stress induced parameter shift. This may lead to different recovery
rates for, among others, ∆Vt, where also factors such as the stress temperature
need to be taken into account. If the amount of non-hydrogen-related defects
in the device is significant enough, the model that describes the recovery in
terms of hydrogen passivation will deviate more and more from experimental
results. In summary, the effect of different recovery rates of different defects
on the parameter shift recovery is investigated. The main findings described in
this chapter are:

• Hot-carrier degradation leads to various types of defects, i.e. trapped charge,
oxide-related border traps and hydrogen-related interface traps, depending on
the stress conditions.
• Hydrogen-related interface defects are introduced early in the stress phase,
oxygen-related border traps will be introduced later in the stress phase.
• A temperature step between degradation and recovery results in more (rela-
tive) recovery of the threshold voltage, compared to degradation and recovery
at the same temperature. Presumably, a temperature step enhances charge
detrapping. This increase in recovery was not observed when the interface
defect density was measured.
• Charge-pumping measurements suggest that both interface and border traps
recover at a temperature where partial recovery takes place.
• The recovery data indicates that interface states recover faster than border
traps at Ta = 85 ◦C, suggesting that hydrogen has a more significant influence
on the recovery rate.

Combining these findings, the conclusion can be made that due to the various
recovery mechanisms with different recovery rates, Stesmans’ model needs
to be extended to describe the recovery of parameter shifts after hot-carrier
injection accurately if a significant amount of non-hydrogenated defects are
present. Interface defects seem to recover faster than oxide-related defects and
interface defects are also the first to be introduced in a device after hot-carrier
stressing. This suggests that to make a device that has significant recovery
under normal operating conditions, it is important to minimize the formation
(and impact) of the oxide defects, as they may recover slower. In the next
chapter, various ways to minimize defect creation in the degradation step and
how it may benefit the total lifetime of a device will be discussed.



CHAPTER 7
Influence of the Stress Phase on the

Stress/Recovery Cycles

7.1 Introduction

In the previous chapters, the recovery of hot-carrier degraded devices has been
discussed, where various treatments during the recovery step may enhance
the recovery rate, e.g. introducing a passivation material externally. However,
under normal operation conditions, for instance, a chip in a laptop, it is not
possible to supply (re-)passivation material from the outside (using an ambient).
Then the amount of recovery that takes place purely depends on the materials
already present in the device. When out-diffusion of the passivation material
takes place (and hence lowers the concentration of the passivation material) or
when only partial recovery can be induced, the device does not return to its
prestress characteristics. Although significant recovery may be induced and a
significant extension of the lifetime may be achieved, the stress and fabrication
process still have a deciding influence on the total lifetime, albeit in combination
with the recovery process.

To extend the lifetime of a device as much as possible, various methods
have been proposed in the past to enhance the resistance to degradation. This
leads to an increase in the time needed until a first recovery step needs to be
performed. For instance, instead of using hydrogen as a passivation species,
halogens can be used during the fabrication process to passivate the dangling
bonds at the Si/SiO2-interface, e.g. fluorine [238]. These types of devices are
shown to have a higher resistance to HCI-induced degradation, however, it
is reported that it will result in a higher susceptibility to other degradation
mechanisms, e.g. TDDB [239]. Although not part of the research in this thesis,
enhancing the lifetime of devices using halogens as a passivation material may
result in interesting trade-offs of various degradation mechanisms in the future,

Parts of this chapter have appeared in [MJdeJ:217]
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possibly in combination with the recovery mechanisms of different types of
defects.

Another way of enhancing the lifetime of silicon-based devices, is passivating
the dangling bonds at the Si/SiO2-interface using the heavier isotope of hydrogen:
deuterium. Research done by Hess and Lyding showed that D-passivated devices
show a higher resistance to electrical degradation compared to H-passivated
devices, known as the (Giant) Isotope effect [216]. Although earlier research had
a focus on the influence of deuterium passivation on degradation by hot-carriers,
it is unclear how D-passivated devices are affected by a recovery (e.g. anneal)
step and how deuterium affects the cumulative lifetime of a device if multiple
cycles of degradation and recovery are taken into account.

The frequency of degradation/recovery cycles and stress time per cycle
itself may influence the total cumulative lifetime of a device. During degradation
different types of defects are created at different moments of the degradation
phase. Experiments from Chapter 6 suggest that initially mainly interface states
are introduced during the HCI stress phase. At longer stress times, the newly
introduced defects will be a combination of oxide and interface defects. The
different types of defect may recover at a different recovery rate, e.g. the
recovery rate of interface defects was found to be higher than the recovery
rate of oxide defects. When these two characteristics are combined, the stress
phase may be reduced to make sure the recovery step is initiated before the
permanent, difficult to recover defects are introduced. During the next stress
phase, the recovered defects may break again and recover during the recovery
step. Over multiple cycles of degradation/recovery mainly one type of defect is
created and recovered. Although the number of recovery steps would increase,
adjusting the stress time may lead to a beneficial effect on the cumulative total
lifetime of a device.

In this chapter, experiments investigating if the fabrication process (isotope
effect) or multicyclic degradation/recovery behavior on the lifetime of MOSFET
devices will be discussed and how it may affect the total, cumulative lifetime of
a device.

7.2 Isotope Effect - Degradation

Deuterium passivation is done during the fabrication process, where it is neces-
sary that the deuterium is incorporated at the end of the various fabrication
processes [110, 216, 240]. If it is incorporated at an earlier stage, it may desorb
from the interface due to a high temperature anneal and be replaced by the
last supplied passivation species, i.e. hydrogen, in the last anneal step, the
PMA step [241--244]. This is usually done in a high pressure forming gas anneal,
where a combination of D2 and N2 is used to introduce the deuterium atoms
to passivate the dangling bonds.

The isotope effect was initially explained in terms of the weight difference
between hydrogen and deuterium (almost twice the mass), which may affect
various mass-dependent factors [245], e.g. diffusion rate [246] or the acceleration
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to an anti-bonding state [247]. Since for both hydrogenated and deuterated
devices hot-carrier degradation takes place via a multi vibrational excitation
model, modeled after a truncated harmonic oscillator (Figure 4.4, Section 4.2.2),
it was proposed that the difference in degradation could be explained by phonon
coupling between the passivated bonds and the silicon bulk. It was pointed out
by Van de Walle and Jackson [248] that the vibrational frequency of the bending
mode for hydrogen passivated Pb-centers is around 650 cm−1, whereas the
vibrational frequency of deuterium passivated Pb-centers is around 460 cm−1,
close to the frequency of the bulk transverse optical (TO) phonon states (∼ 463
cm−1). Since the frequencies are close to each other, coupling of the bending
mode of the deuterium passivated bonds may take place to the phonons in the
Si bulk [249], which may lead to de-excitation/pathway for dissociation of charge
carriers in the truncated harmonic oscillator model, whereas silicon-hydrogen
bonds are less likely to lose energy in this manner. Since the bond rarely breaks
after one collision and needs multiple charge carriers to break in combination
with Si-D bonds to be more likely to relax and lose energy, deuterium passivated
devices are more resistant to electrical degradation than hydrogen passivated
devices.

Figure 7.1 shows the effect of deuterium passivation (red) compared to a
device with hydrogen passivation (blue). The threshold voltage is plotted as a
function of the cumulative stress time at Tm = Ts = 25 ◦C for both devices,
where a total stress time of ts = 104 s at a drain-source voltage of Vds = 4.5 V
and a gate-source voltage at Vgs = 2.1 V is used, the bias conditions where
maximum degradation due to DAHC takes place (|Ib,max|).

The devices (long channel nMOS) under study in this section had a gate width
of Wg = 10.0 µm, a gate length of Lg = 0.35 µm and a gate oxide thickness
of tox = 7 nm. A mixture of O2 and D2 was used during the oxidation step and
a mixture of H2 or D2 with N2 was respectively used during the PMA step, to
passivate the dangling bonds at the Si/SiO2-interface. Further documentation
of the devices can be found in [240]. The slow, long-term degradation and
recovery of HCD were investigated using Method C of Figure 2.13. A delay of
1 s between the stress phase and characterization was used to minimize any
short-term recovery effects.

The deuterium passivated devices were fabricated more than 15 years ago
and even after not being used and kept in storage (in air at room temperature)
for 15+ years, the beneficial effects of the isotope effect on the lifetime and
the level of degradation are still visible in Figure 7.1. The threshold voltage
shifts roughly a factor ≈ 4 faster for D-passivated devices compared to H-
passivated devices. In combination with earlier findings of stability of the Si-D
bond at elevated temperatures [240, 242], this indicates that Si-D bonds are
stable enough to prevent dissociation when no external stress (e.g. electrical,
temperatures > T > 520 ◦C) is applied.

The shift in Vt (∆Vt,s) due to the creation of interface defects depends on
the applied bias/electric field, stress temperature (Ts) and stress time (ts), see
Chapter 4. This shift depends on the temperature via an Arrhenius depen-
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Figure 7.1: Shift in Vt due to HCD of H- and D-passivated devices, where identical
stress conditions are applied. The top and bottom graphs show the same data,
in lin-log and log-log scale.

dence [250]:

∆Vt,s ∝ e
Ea

kbTa . (7.1)

The recovery process may not follow the same principles as the degradation
process, however, it is assumed that Arrhenius behavior is still expected when
diffusion and reaction mechanisms determine the recovery [251].

Chapter 6 showed that, depending on stress conditions, the shift in threshold
voltage could be explained by the introduction of a combination of interface
and oxide defects and trapped charge in the gate oxide. Since the gate current
did not change significantly after degradation, Ig ≈15 nA before and after
ts = 104 s, the assumption was made that oxide traps do not play a significant
role under these experimental conditions. In this section, it is assumed that
∆Vt gives a reasonably good indication for the total amount of hot-carrier
induced degradation of interface states and can be used to investigate the
role of hydrogen/deuterium on the recovery of interface states. Note that
charge-pumping experiments could exclude any charge (de-)trapping/oxide trap
contribution and give the possibility to quantify the change in Nit.
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7.3 Isotope Effect - Recovery

Devices passivated with hydrogen show recovery as a function of anneal tem-
perature, anneal time and concentration of passivation species at the Si/SiO2-
interface (Chapter 5). In this section, it is assumed that the recovery of D-
passivated devices will depend on the same parameters as for H-passivated
devices.

The recovery of interface defects introduced by hot-carrier injection was
done by annealing in air, using an M300 thermochuck from Att Systems (temper-
ature ramp rate: ∆Ta = 0.1 ◦C=s) to Ta = 200 ◦C and annealed for ta = 1500 s.
It was assumed that the passivation species present inside the gate would be
sufficient for significant recovery, see Chapter 3. Subsequently, the device is
cooled down to room temperature, characterized and stressed again under the
same stress conditions, as shown in Method C of Figure 2.13.

The threshold voltage as a function of the cumulative time (stress and
recovery time) is shown in Figure 7.2 for four stress/anneal cycles. During the
stress phase, the deuterium passivated devices show a bigger absolute ∆Vt than
the hydrogen-passivated devices under identical stress conditions. During the
recovery step, done under identical anneal conditions, both the hydrogen and
deuterium passivated devices show similar levels of recovery, but relatively more
for the D-passivated device (since there was less degradation). The difference
in stress and recovery induced ∆Vt seems to diminish over subsequent cycles,
where it is not visible anymore during the last cycle. Over time, the devices
seem to behave more and more alike, stress and recovery-wise show a similar
∆Vt.

Next, the recovery of the hydrogen and deuterium passivated devices as a
function of the anneal time in the first recovery phase is compared, as shown
in Method B of Figure 2.13. Fresh devices are stressed by HCI at Ta = 25 ◦C,
after which the wafer was brought to an elevated temperature (Ta) for recovery.
Upon reaching Ta; Vt, gm,max and Id,lin are periodically measured as a function
of anneal time in air at five different temperatures (Ta = 50, 85, 120, 150 and
175 ◦C - one device per anneal temperature). The linear drain current, Id,lin, is
measured at Vds = 0.1 V and Vgs = 2.0 V. The threshold voltage shift during
recovery is defined as:

∆Vt,r(ta) = Vt,r(ta)− Vt,r(0). (7.2)

When ta = 0 s, the thermochuck reaches the anneal temperature and the
degradation is at its maximum at that specific anneal temperature. In a similar
fashion, the anneal time-dependent recovery of ∆gm and ∆Id,lin is calculated.
Using Equation 7.2, the shift in the threshold voltage due to recovery will be
negative.
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Figure 7.2: The threshold voltage as a function of the cumulative time. After
each cycle of ta = 104 s of HCI stress (green), the device is annealed at
Ta = 200 ◦C for 1500 s (magenta). Characterization and stress were done at
Tm = Ts = 25 ◦C.

7.3.1 Threshold Voltage Recovery

The recovery of the threshold voltage of hot-carrier degraded H/D- passivated
devices is shown in Figure 7.3, where the data is acquired using the measurement
process of Method B of Figure 2.13. At ta = 0 s, the device reached the
anneal temperature after the temperature step and the maximum ∆Vt is
measured. At this time no shift in Vt due to recovery has taken place, i.e.
∆Vt,r = 0 V. The recovery for both types of devices appears to follow a similar
log(ta) dependency [252].
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Figure 7.3: Recovery of Vt of the H-/D-passivated devices after ts = 104 s of
stress at Ts = 25 ◦C at different Ta. The lines are a guide for the eye.

7.3.2 Recovery of Id,lin

The recovery of hot-carrier induced ∆Id,lin in H/D- passivated devices is shown
in Figure 7.4. At ta = 0 s, the device reached the anneal temperature after the
temperature step and has maximum degradation. As with the recovery of ∆Vt,
the recovery behavior of ∆Id,lin indicate a log(ta) dependence. A higher elevated
temperature will lead to a higher recovery rate and the data suggests further
that the absolute amount of recovery is almost the same for both devices. The
H-passivated devices endured more degradation, so the relative recovery is
smaller than for the D-passivated devices.



106

7.3.
ISO

TO
PE

EFFEC
T

-
REC

O
V

ERY

Figure 7.4: Recovery of Id,lin at Vgs = 2 V of the H-/D-passivated devices after
ts = 104 s of stress at Ts = 25 ◦C at different Ta.

7.3.3 Recovery ∆Vt vs ∆gm,max

If recovery of interface states/decharging takes place proportional to each other
for each degradation/recovery cycle, the recovery of gm should be proportional
to the recovery of Vt. The transconductance is plotted as a function of the
threshold voltage for the different cycles in Figure 7.5 for the H- and D-passivated
devices.

After a new cycle is started, Vt should decrease and gm should increase again,
which is visible in both figures. Each new cycle seems to follow and continue
on the previous cycle, suggesting that under the experimental conditions the
interface states recover proportional to the recovery of trapped charge and that
∆Vt is indeed a reasonably good method to compare the recovery of hydrogen
and deuterium passivated devices.
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Figure 7.5: Transconductance as a function of the threshold voltage for the H-
(top) and D-passivated (bottom) device for different degradation/anneal cycles,
both are measured at Tm = 25 ◦C.

7.3.4 Arrhenius Dependency

The Arrhenius temperature dependence of the recovery of ∆Vt according
to Equation 7.1 is shown in Figure 7.6. For this figure |∆Vt| is determined at
ta = 3 ks from a fit (guide for the eye) of Figure 7.3. Using Equation 7.1 and
Figure 7.6, the activation energy can be determined as Ea,H2 = 0.176 eV and
Ea,D2 = 0.181 eV for H- and D-passivated devices respectively, indicating the
same activation energy.

The similar Ea for both devices suggests that a similar recovery process takes
place, regardless of the isotope used during the passivation step. Since hydrogen
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is always present in the devices due to the various fabrication steps that
involve hydrogen [83], the recovery may be explained by hydrogen passivation.
Deuterium has a lower diffusion coefficient [253, 254], making it easier for
hydrogen atoms to reach and to repassivate dangling bonds at the Si/SiO2

interface.

Figure 7.6: Arrhenius relationship between |∆Vt,r| at ta = 3 · 103 s and the
recovery temperature.

Note that the activation energy for recovery is calculated using Equation 7.1
and not Equation 3.13. The value for the activation energy is reported before and
in line with earlier reported values for hot-carrier degradation (albeit negative,
since passivation instead of depassivation takes place), however, this is not in line
with the value for the activation energy used to describe passivation according
to Stesmans’ model [65, 188, 255]. Later experiments (Chapter 5 and Chapter 6)
suggested that the bond energy of silicon-hydrogen bonds is in the order of
Ea ≈ 1.5 eV and that charging can play a role in the recovery of Vt, suggesting
the need of more experimental data using other methods, e.g. charge-pumping
method, to exclude other degradation and recovery mechanisms (Si-O bond
breaking, slow/fast-traps, charge (de-)trapping), which will result in more clarity
on the repassivation of Si-D bonds after degradation and confirm the hypothesis.

7.3.5 Isotope Effect after Multiple Degradation/Recovery Cycles

The hypothesis to explain the degradation/recovery cycle of a deuterium pas-
sivated device is visualized in Figure 7.7. Initially, a device passivated during
the last fabrication step with deuterium (PMA step), has almost completely
deuterium passivation at the Si/SiO2-interface. The device is more resilient
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to HCI-induced depassivation due to the isotope effect, enhancing the time
until the maximum allowed parameter shift is reached. When the degraded
device is annealed and recovery takes place, deuterium and hydrogen present
in the gate stack will repassivate the dangling bonds introduced during the
degradation step. Here hydrogen is introduced in the device during the various
steps of the fabrication process where hydrogen is involved. Since repassivation
is done of a combination of hydrogen and deuterium, the reliability of the once
deuterated device will become more and more similar to a normal hydrogenated
device. The degradation behavior will start to behave more in line with devices
completely passivated with hydrogen.

After multiple degradation/recovery cycles, the dangling bonds at the Si/SiO2-
interface will be passivated by both hydrogen and deuterium. The ratio between
hydrogen/deuterium passivation will go to the ratio of both isotopes in the gate
stack/back end of the device.

Note: the assumption in this experiment has been made that the unstressed
device has mainly deuterium passivation at the Si/SiO2-interface, but has a
combination of both isotopes in the rest of the device. To verify if this assumption
is fair to be made, the same experiment could be done where every step in the
fabrication process is done using deuterium instead of hydrogen.
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Figure 7.7: Effect of degradation/recovery on D-passivated samples: a) Prestress:
Device has D-passivation. b) Degradation: Depassivation of deuterium. c)
Recovery: H- and D-repassivation. d) Post recovery: Device is partial H- and
D-passivated.
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7.4 Multi Cyclic Degradation and Recovery

Besides using a different material as passivation material during the fabrication
of the device (Section 7.3), the reliability of devices may be affected by changing
the procedure of how electrical stress is applied. BTI stress tests are generally
performed under DC stress conditions, where the device degrades continuously
until breakdown or end-of-life takes place. When devices are not stressed
continuously under DC conditions, but under AC/pulsed DC conditions (more in
line with operating conditions), it was observed that less degradation took place,
even when corrected for the cumulative stress times (50% stress time under 50%
duty cycle) [160, 256--258]. When a BTI stress phase stops, relaxation of trapped
charge in the gate oxide due will start to take place, which may be enhanced
if the reverse bias is applied to the gate (AC versus pulsed DC), resulting in
(partial) recovery and less overall degradation. When an uninterrupted BTI
stress is applied, the devices will not benefit from relaxation, resulting in a higher
stress level after the stress phase is finished.

Note that the argument can be made that DC BTI is factually only the
first part of an AC BTI period. It would be fairer to compare devices with
identical cumulative stress and recovery times. However, when a device under
DC stress reaches its end-of-life during this first part of the period, the recovery
phase is irrelevant/cannot have a positive effect on the total degradation level.
Furthermore, the duty cycle of the AC stress is of importance for the lifetime
prediction: the ratio of stress/recovery time indicates how much time a device
has to recover the induced damage [152]. Although a duty cycle with a low
stress/recovery time ratio will result in less cumulative degradation, it is realistic
to expect that there will be a minimum value for the ratio to ensure the
percentage of time the device is used (i.e. operates) will be non-negligible. E.g.,
an recovery/stress time ratio of 106:1 will remove most of the degradation due
to the long recovery time, but a recovery time of more than eleven days after
one second of use is not realistic under normal operating conditions.

Furthermore, the capture and emission of charge carriers strongly depend on
the capture/emission time constants (fic/fie) [152, 259]. Here a smaller emission
time constant will result in more recovery, where the traps with the smaller
fie are more likely to detrap. It is proposed that the combination of partial
recovery due to AC BTI in combination with a small fie will result in a change of
the distribution of trap levels. I.e. during the recovery phase, the traps with the
lowest emission time constant will detrap first, increasing the average trap level
of the remaining traps. Similarly, the next stress phase will first introduce the
trap levels with the lowest capture time constant, lowering the mean trap level.
If only partial recovery had taken place and the second stress phase started
with already present traps, the average trap level will increase with each cycle.

Degradation by AC hot-carrier injection is reported to be frequency indepen-
dent [260], however, it raises the question of whether the same assumption can
be made for HCI degradation in combination with a recovery (anneal) step. I.e.
if partial recovery of hot-carrier induced interface defects (Chapter 5, Figure 7.2)
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Cycle 1: Stress

Cycle 1: Recovery

Cycle 2: Stress

Ef

[∆
P b]

[∆
P b]

[∆
P b]

Ef,S1 Ef,S2 Ef,A1

Figure 7.8: Hypothetical energy distribution of the broken Si-H bonds. Top: the
first stress phase introduces new defects. Middle: the recovery phase removes
some of the introduced defects. Bottom: second stress phase introduces new
defects. Based on [237]

affects the Si-H bond energy distribution. Figure 7.8 shows the hypothetical
evolution of the mean Si-H bond energy. Here it is assumed that during the
first degradation step the defects introduced due to HCI can be described to
be normally distributed (Top). The mean bond energy after the first stress
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phase can be described by Ea,s1. The temperature-dependent passivation of
interface defects can initially be described in terms of a normalized distribution
of the bond energy energies, where the defects with the lower Si-H bond energy
tend to repassivate slightly easier compared to higher energy Si-H bonds (Mid-
dle) [65, 188, 255]. This would result in a decrease in the number of interface
states, but an increase in the mean Si-H bond energy after the first recovery
phase: Ea,r1. Next, the stress phase of the second degradation/recovery cycle
starts (Bottom). Since only partial recovery had taken place in the previous
cycle, some broken higher energy Si-H bonds are present. Although mainly
lower energy bonds will be broken, also some new higher energy Si-H bonds will
be broken, increasing the mean bond energy of Pb centers after the second
degradation step: Ea,s2 [255]. Figure 7.8 suggests that the mean bond energy of
degradation and recovery will be:

Ea,s1 < Ea,s2 � Ea,r1. (7.3)

Using this hypothesis, it may be possible to change the lifetime of devices if a
higher frequency for degradation/anneal cycles (i.e. shorter cycle time) is used. If
interface defects with the lowest bond energy tend to be (de-)passivated first dur-
ing the various degradation/recovery cycles, the same defects created/repaired
often compared to a device that has only one degradation/recovery cycle. This
suggests that if two identical devices endure the same cumulative stress/recovery
times, they may end with a different level of degradation remaining. The de-
vice that had only one recovery step, the recovery could be described as the
recovery of bond-energy a normal distribution according to Stesmans’ model,
whereas the device with had n degradation/recovery cycles could only describe
the first cycle according to Stesmans’ model, whereas the remaining n−1 cycles
could not [255].

To investigate the effect of degradation/cycle frequency on the total cumu-
lative degradation, two chips with cumulative identical stress/anneal times are
tested (Table 7.1). There was a factor 3 difference between the stress/recovery
times and thus also the frequency of degradation/recovery cycles, fChipII =

fChipI

3 .
During the stress phase, a drain-source bias of Vds = 4.8 V and a gate-source
bias of Vgs = 2.2 V was applied, whereas no bias was applied during the re-
covery/anneal step (Ta = 200 ◦C). The anneal step was done in air using a
thermochuck.

Table 7.1: Cycle

ts (s) ta (min)
Chip I 1000 30
Chip II 3000 90

In a similar way, the frequency of degradation/recovery cycles may affect
the defect distribution between oxide and interface traps. Chapter 6 suggested
that hot-carrier degraded devices will initially be affected by the introduction
of new interface defects, whereas oxide defects will be introduced at a later
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stage. During the recovery step, interface traps will have a faster recovery
rate (Chapter 6). As a consequence, when the stress time is sufficiently long
to introduce more and more oxide traps, less recovery will take place in the
anneal step. If degradation/recovery cycles with a higher frequency are used,
fewer oxide traps will be introduced, and less total unrecoverable damage is
present after the stress phase.

Figure 7.9: Threshold voltage as a function of time after various degradation
and recovery cycles. The stress phase was ts = 1 ks (red) or ts = 3 ks (black).
Recovery was always done by annealing at Ta = 200 ◦C.

Figure 7.9 and Figure 7.10 show the cyclic behavior of Vt and ∆Nrc as a
function of time. The threshold voltage is extracted according the ELR method
of Section 2.1.1 and ∆Nrc is extracted using the CP-method of Section 2.2. The
data is not conclusive and cannot be used to make an accurate assumption,
however, the data suggests that the effective degradation/stress frequency has
some influence on the type of defect that is created and the cumulative amount
of degradation that is induced in the device (different parameter shift after the
recovery step). Future experimental research may be done to investigate this
in more detail, for instance by looking into the ratio of Nit=Not as a function of
different cycle times.
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Figure 7.10: Shift in the interface defect density as a function of time after
various degradation and recovery cycles. The stress phase was ts = 1 ks (red)
or ts = 3 ks (black). Recovery was always done by annealing at Ta = 200 ◦C.

7.5 Summary and Conclusion

In this chapter, the influence of the stress phase on multiple degradation/recovery
cycles and the cumulative lifetime of a device is investigated. Due to the isotope
effect, i.e. the use of deuterium instead of hydrogen as a passivation species
for dangling bonds at the Si/SiO2-interface, less degradation may be observed
when exposed to HCI. This will extend the time needed for the first recovery
cycle, extending the total cumulative lifetime.

When a temperature treatment is applied to the devices after HCI degradation
and recovery takes place, the devices seem to have similar recovery rates
and behavior, regardless of passivation species. Furthermore, when (partially)
recovered devices are electrically stressed again (same stress as during the first
stress cycle), the beneficial effects of the isotope effect seem to diminish. After
several degradation/recovery cycles, the deuterium and hydrogen passivated
devices start to act more alike, suggesting that the differences between the
types of (initial) passivation start to diminish.

Since hydrogen is always present in the gate stack due to the various fab-
rication steps that involve hydrogen, it is always involved in the passivation of
dangling bonds during the recovery step, regardless of the passivation species
of a fresh device, and effectively replace Si-D bonds for Si-D bonds. Although
deuterium may also be involved during the recovery step, multiple degrada-
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tion/recovery cycles will lead to a higher contribution of Si-H bonds and the
ratio between hydrogen and deuterium used as a passivation species will be in
line with the hydrogen/deuterium ratio in the whole device. As a consequence,
multiple degradation/recovery cycles will make the hydrogen and deuterium
passivated devices look more alike and the beneficial isotope effect will dimin-
ish. An (expensive) solution to prevent repassivation by hydrogen, would be
to prevent hydrogen to interact with the device at all, i.e. if all steps during
the fabrication processes that involve hydrogen will be done with deuterium,
possibly in combination with a diffusion barrier that prevents hydrogen from
reaching the interface from out of the device.

Besides affecting the type of passivation at the Si/SiO2-interface, the degra-
dation/recovery cycle may affect the type of introduced defects itself. When
bonds of lower energy are broken and repaired first during the degradation and
recovery phase respectively, they may be introduced/repaired frequently with
subsequent degradation/recovery cycles. Some higher energy bond defects are
created after prolonged stress time (not only Si-H bonds, but also oxide traps
as described in the previous chapter), which may be prevented if the recovery
step is performed within a (relatively) short stress time. I.e. the frequency of
degradation/recovery cycles may affect the total cumulative degradation due
to the introduction/removal of the same defect often, even if a cumulative
identical stress and recovery condition is used. The main findings described in
this chapter are:

• Deuterium passivated devices maintain their enhanced reliability due to
the isotope effect after very long shelf times, i.e. no significant depassivation at
room temperature if no electrical stress is applied.
• Less HCI-induced degradation due to the isotope effect diminishes after sev-
eral degradation/recovery cycles.
• Repassivation of interface states by hydrogen could explain that initially,
deuterium passivated devices start to behave like hydrogen passivated devices.
• The types of defects introduced by electrical degradation may be affected by
the stress/recovery time ratio and frequency.

In conclusion, when a device undergoes multiple degradation/recovery cycles,
various considerations may affect the total lifetime. For instance, the time per
stress cycle up to the recovery step, how often recovery takes place and the
fabrication material of the device itself.



CHAPTER 8
Conclusions & Recommendations

In this chapter, the most important conclusions presented in this thesis are
summarized, followed by a presentation of the original contributions. Finally,
some research questions for future work are proposed, that can help with the
next steps towards a self-healing device.

8.1 Summary & Conclusions

In Chapter 2, Device Characteristics and Characterization, the theoretical back-
ground of a MOSFET and the charge-pumping measurement technique was
discussed and how the extracted parameters are used to describe the degrada-
tion of devices. The characterization techniques used for the experiments in
this thesis are discussed, as well as some experimental considerations that had
to be taken into account, e.g. the influence of temperature on measurements.

In Chapter 3, The Role of Hydrogen, the role of hydrogen in the device and
at the Si/SiO2 interface was discussed. Special attention was paid to Stesmans’
General Simple Thermal model that explains the passivation of dangling bonds
in terms of a normal distribution of the bond energy and what can influence
the concentration of hydrogen in a device.

In Chapter 4, Degradation, a short overview of various degradation mech-
anisms is given. Although degradation mechanisms may introduce various types
of defects, the main focus was on hydrogen-related defects introduced by hot-
carrier injection and how those defects may affect the reliability of a device.

In Chapter 5, Enhancing Recovery, various methods to enhance recovery are
discussed. Even at low room temperature, some recovery takes place, even
though the recovery rate is very slow and not practical under normal operating
conditions. Some methods did not enhance the recovery rate (atomic hydrogen
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ambient, using light), however, an enhanced recovery rate is observed when
more hydrogen is introduced during the recovery step.

In Chapter 6, Recovery: Fast versus Slow Traps, non hydrogen-related de-
fects, i.e. oxide traps, and their recovery are discussed. Charge-pumping
characterization gives a more direct indication of the recovery rate compared
to IV-measurements and is used to differentiate between both types of defects.
Furthermore, longer degradation times may introduce oxide defects, which are
more difficult to recover than hydrogen-related defects.

In Chapter 7, Influence of the Stress Phase on the Stress/Recovery Cycles, the in-
fluence of the stress condition on the degradation/recovery cycle is investigated.
In addition, replacing hydrogen with deuterium as the passivation species during
the device fabrication step makes the device less susceptible to degradation, i.e.
the Isotope Effect. However, subsequent recovery steps will use a combination
of hydrogen and deuterium to repassivate interface defects, diminishing the
beneficial effect of the Isotope effect. Furthermore, the hypothesis is raised that
during the stress phase, different degradation conditions/times may introduce
different types of defects that can have a lower or higher recovery rate. This
can be used to tweak the degradation conditions and raises the question of
whether recovery can be induced under more operation favorable conditions.

8.2 Original contributions

The work presented in this thesis that resulted in several papers is discussed
in Chapter 5, Chapter 6 and Chapter 7. The original contributions of these
papers can be summarized as:

• Temperature-induced recovery of hot-carrier degraded device seems
to follow Stesmans’ Generalized Passivation Model, there are however
indications that it needs to be expanded to model the recovery accurately.

• Hydrogen in the gate stack may provide sufficient passivation material to
repair all defects, however, the recovery rate can be enhanced significantly
when H2 is added externally by means of a high-pressure ambient of
molecular hydrogen. Other hydrogen species seem to be less beneficial
to the recovery process.

• Different types of defect may affect device parameters in a different way
and do not recover at the same recovery rate.

• A diffusion barrier such as the commonly used Si3N4 scratch protection
layer may prevent externally offered hydrogen from contributing to the
recovery process or help contain the hydrogen in the gate stack.

• Oxide defects are created after longer hot-carrier stress times and recover
slower compared to interface defects at an anneal temperature of Ta =

85 ◦C.
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• The Isotope Effect retards the degradation process, however, the recovery
process also reintroduces hydrogen to the Si/SiO2-interface.

• Varying the time to the next recovery step may be used to degrade/recover
certain types of defects and extend the cumulative lifetime of a device.

8.3 Recommendations

The main goal of the "Self-Healing in Transistors"-project was to set the first
steps on the road to a self-healing MOSFET device. During the lifetime of a
device, defects will be introduced in the device, which will lead to a shift in
various operating parameters. When the number of defects in the device and
the shift in parameters is too big, the circuit fails and the end-of-life is reached.
A Self-Healing device would be able to repair defects in the device without help
from outside the device. Depending on the number of times recovery can take
place, the lifetime could be extended significantly, possibly in combination with
improved performance.

In this research, a better understanding of various degradation/recovery
steps and conditions were acquired. To build further on the findings of this
thesis, some recommendations and suggestions for future research are:

• Investigation of degradation/recovery cycles of devices where during
fabrication all steps that involve hydrogen are replaced by deuterium:
→ Will the beneficial effects of the Isotope Effect stay present after
multiple degradation/recovery cycles?

• Investigation of multicyclic degradation/recovery steps in combination
with partial/total recovery of parameters:
→ How many repair cycles can be induced and are repaired devices
indistinguishable from fresh devices?

• Investigation of multicyclic degradation/recovery steps/times on the total
cumulative lifetime of a device:
→ Are different types of defects created/repaired at different stress
times and can that be used to extend the lifetime of a device?

• Investigation of trade-offs between various degradation mechanisms in
combination with recovery mechanisms:
→ If one parameter (e.g. material) has a beneficial effect on a certain
degradation (recovery) mechanism, how does it affect other degrada-
tion (recovery) mechanisms?

• Investigation of a local source for hydrogen inside the gate stack:
→ Can a local hydrogen source provide a stable, constant supply of
hydrogen and enhance the recovery rate?
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8.4 Considerations and Predictions for the Future

The end goal of the research discussed is to produce a self-healing device that
can repair itself completely, as if it was a fresh, new device. Current research
has a focus on minimizing degradation mechanisms, specifically hot-carrier
degradation, one of the main bottlenecks for high-performance semiconductor
logic. In this thesis various methods to investigate and enhance the recovery of
hot-carrier degraded devices have been discussed, as well as some recommen-
dations for future experimental research. However, this research had a primary
focus on the recovery of hydrogen-related defects.

A completely self-healing device should be able to heal every type of defect,
regardless of the degradation mechanism or defect. Furthermore, future re-
search should investigate if the healing of other types of defects is in competition
with the healing of hydrogen-related defects and a balance may have to be
found, which may limit complete self-healing of the whole device as well as
limitations on how often self-healing can take place. For instance, an increase in
hydrogen concentration may enhance the recovery rate of interface states, but
may also increase depassivation of certain hydrogen-related bonds or passivate
dangling bonds of oxide-related defects in the gate oxide, preventing their
recovery. In other words, research has to be done under which circumstances
the cure may be worse than the disease. Similarly, if complete self-healing of a
device is achieved, this may be in competition with the self-healing of the whole
chip (e.g. interconnects, packaging).

Contemporary research has a focus on prevention of degradation and it
tends to be easier to optimize existing reliability than to implement a whole
new (recovery) mechanism. In combination with the need of balancing all the
healing mechanisms and reliability issues, it is likely that in the near future (<
10 years) it is more cost-effective that the main focus will stay on degradation
prevention. This will lead to incremental improvements of reliability, however,
the focus may shift towards recovery over degradation prevention when more
is known on how to balance these recovery mechanisms and how to implement
them cost-effectively. The research of this thesis has proven that significant
recovery can be achieved and future research will build on the findings and
research on the recovery of hydrogen-related defects. This would may make it
possible to reduce their impact on the total lifetime to such a level that other,
better manageable reliability issues take over.
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temperature instability in n-channel power VDMOSFETs,’’ Microelectronics Reliability, vol. 48, no. 8, pp.
1313--1317, 2008, 19th European Symposium on Reliability of Electron Devices, Failure Physics and Analysis
(ESREF 2008). [Online]. Available: http://www.sciencedirect.com/science/article/pii/S0026271408002023

[237] K. Zhao, J. H. Stathis, A. Kerber, and E. Cartier, ‘‘PBTI relaxation dynamics after AC vs. DC stress in high-
k/metal gate stacks,’’ in 2010 IEEE International Reliability Physics Symposium, May 2010, pp. 50--54.

[238] Y. L. Li, K. S. Chang-Liao, C. C. Li, C. H. Huang, S. F. Tsai, C. Y. Li, Z. Q. Hong, and H. K. Fang, ‘‘Electrical
and reliability characteristics of finfets with high-k gate stack and plasma treatments,’’ IEEE Transactions on
Electron Devices, vol. 68, no. 1, pp. 4--9, 2021.

[239] K. P. MacWilliams, L. F. Halle, and T. C. Zietlow, ‘‘Improved hot-carrier resistance with fluorinated gate oxides,’’
IEEE Electron Device Letters, vol. 11, no. 1, pp. 3--5, Jan 1990.

[240] C. Salm, A. Hof, F. Kuper, and J. Schmitz, ‘‘Reduced temperature dependence of hot carrier degradation in
deuterated NMOSFETs,’’ Microelectronics Reliability, vol. 46, no. 9, pp. 1617 -- 1622, 2006, proceedings of the
17th European Symposium on Reliability of Electron Devices, Failure Physics and Analysis. Wuppertal, Germany
3 - 6 October 2006. [Online]. Available: http://www.sciencedirect.com/science/article/pii/S0026271406002629

[241] I. C. Kizilyalli, J. W. Lyding, and K. Hess, ‘‘Deuterium post-metal annealing of MOSFET’s for improved hot
carrier reliability,’’ IEEE Electron Device Letters, vol. 18, no. 3, pp. 81--83, March 1997.

[242] A. J. Hof, ‘‘Deuterium in the gate dielectric of CMOS devices,’’ Ph.D. dissertation, Univ. of Twente, Enschede,
October 2004. [Online]. Available: http://doc.utwente.nl/67533/

[243] A. J. Hof, E. Hoekstra, A. Y. Kovalgin, R. van Schaijk, W. M. Baks, and J. Schmitz, ‘‘The impact of deuterated
CMOS processing on gate oxide reliability,’’ IEEE Transactions on Electron Devices, vol. 52, no. 9, pp. 2111--2115,
Sept 2005. [Online]. Available: https://ieeexplore.ieee.org/document/1499103

[244] J. C. King and C. Hu, ‘‘Effect of low and high temperature anneal on process-induced damage of gate oxide,’’
IEEE Electron Device Letters, vol. 15, no. 11, pp. 475--476, Nov 1994.

[245] W. McMahon, Y. Mamy-Randriamihaja, B. Vaidyanathan, T. Nigam, and N. Pimparkar, From Atoms to Circuits:
Theoretical and Empirical Modeling of Hot Carrier Degradation. Cham: Springer International Publishing, 2015,
pp. 3--27. [Online]. Available: https://doi.org/10.1007/978-3-319-08994-2_1

[246] J. Lee, K. Cheng, Z. Chen, K. Hess, J. Lyding, Y.-K. Kim, H.-S. Lee, Y.-W. Kim, and K.-P. Suh, ‘‘Application of
high pressure deuterium annealing for improving the hot carrier reliability of CMOS transistors,’’ IEEE Electron
Device Letters, vol. 21, no. 5, pp. 221--223, 2000.

[247] P. Avouris, R. Walkup, A. Rossi, T.-C. Shen, G. Abeln, J. Tucker, and J. Lyding, ‘‘STM-induced H atom
desorption from Si(100): isotope effects and site selectivity,’’ Chemical Physics Letters, vol. 257, no. 1, pp.
148--154, 1996. [Online]. Available: https://www.sciencedirect.com/science/article/pii/0009261496005180

[248] C. G. Van de Walle and W. B. Jackson, ‘‘Comment on ’’reduction of hot electron degradation in metal
oxide semiconductor transistors by deuterium processing’’ [appl. phys. lett. 68, 2526 (1996)],’’ Applied Physics
Letters, vol. 69, no. 16, pp. 2441--2441, 1996. [Online]. Available: https://doi.org/10.1063/1.117664

[249] K. Hess, I. C. Kizilyalli, and J. W. Lyding, ‘‘Giant isotope effect in hot electron degradation of metal oxide silicon
devices,’’ IEEE Transactions on Electron Devices, vol. 45, no. 2, pp. 406--416, Feb 1998.

[250] M. Rafik, X. Garros, G. Ribes, G. Ghibaudo, C. Hobbs, A. Zauner, M. Muller, V. Huard, and
C. Ouvrard, ‘‘Impact of TiN metal gate on NBTI assessed by interface states and fast transient effect
characterization,’’ in 2007 IEEE International Electron Devices Meeting, Dec 2007, pp. 825--828. [Online].
Available: https://ieeexplore.ieee.org/abstract/document/4419075

[251] S. E. Tyaginov, I. Starkov, H. Enichlmair, J. M. Park, C. Jungemann, and T. Grasser, ‘‘Physics-based hot-carrier
degradation modeling,’’ The Electrochemical Society Transactions, vol. 35, no. 4, pp. 321--352, 2011. [Online].
Available: http://ecst.ecsdl.org/content/35/4/321.abstract

[252] R. Shangqing, YangHong, T. Bo, X. Hao, L. Weichun, T. Zhaoyun, X. Yefeng, X. Jing, W. Dahai, L. Junfeng,
Y. Jiang, Z. Chao, C. Dapeng, Y. Tianchun, and W. Wenwu, ‘‘Characterization of positive bias temperature
instability of NMOSFET with high- k /metal gate last process,’’ Journal of Semiconductors, vol. 36, no. 1, p.
014007, 2015. [Online]. Available: https://iopscience.iop.org/article/10.1088/1674-4926/36/1/014007

[253] H. Park and C. R. Helms, ‘‘The effect of annealing treatment on the distribution of deuterium in silicon and in
silicon oxide systems,’’ J. Electrochem. Soc., vol. 139, no. 7, pp. 2042--2046, 1992.

[254] L. Nuccio, ‘‘Diffusion of small molecules in amorphous SiO2 : effects on the properties of the
material and on its point defects,’’ Ph.D. dissertation, Palermo, February 2009. [Online]. Available:

https://doi.org/10.1063/1.353065
http://www.sciencedirect.com/science/article/pii/S0026271408002023
http://www.sciencedirect.com/science/article/pii/S0026271406002629
http://doc.utwente.nl/67533/
https://ieeexplore.ieee.org/document/1499103
https://doi.org/10.1007/978-3-319-08994-2_1
https://www.sciencedirect.com/science/article/pii/0009261496005180
https://doi.org/10.1063/1.117664
https://ieeexplore.ieee.org/abstract/document/4419075
http://ecst.ecsdl.org/content/35/4/321.abstract
https://iopscience.iop.org/article/10.1088/1674-4926/36/1/014007


137

BIBLIO
G

RA
PH

Y

http://www1.unipa.it/lamp/NuccioPhDThesis.pdf

[255] M. Vandemaele, J. Franco, S. Tyaginov, G. Groeseneken, and B. Kaczer, ‘‘Modeling of repeated FET hot-carrier
stress and anneal cycles using Si-H bond dissociation/passivation energy distributions,’’ IEEE Transactions on
Electron Devices, vol. 68, no. 4, pp. 1454--1460, 2021.

[256] A. Chenouf, B. Djezzar, A. Benadelmoumene, H. Tahi, and M. Goudjil, ‘‘Reliability analysis of CMOS inverter
subjected to AC amp; DC NBTI stresses,’’ in 2014 9th International Design and Test Symposium (IDT), Dec 2014,
pp. 142--146.

[257] N. Parihar, N. Goel, A. Chaudhary, and S. Mahapatra, ‘‘A modeling framework for NBTI degradation under
dynamic voltage and frequency scaling,’’ IEEE Transactions on Electron Devices, vol. 63, no. 3, pp. 946--953,
2016.

[258] N. Parihar, N. Goel, S. Mukhopadhyay, and S. Mahapatra, ‘‘BTI analysis tool - modeling of NBTI DC, AC stress
and recovery time kinetics, nitrogen impact, and EOL estimation,’’ IEEE Transactions on Electron Devices,
vol. 65, no. 2, pp. 392--403, 2018.

[259] S. Mukhopadhyay and S. Mahapatra, ‘‘An experimental perspective of trap generation under BTI stress,’’ IEEE
Transactions on Electron Devices, vol. 62, no. 7, pp. 2092--2097, 2015.

[260] G. Sasse, ‘‘Reliability engineering in rf cmos,’’ Ph.D. dissertation, University of Twente, Netherlands, Jul. 2008,
http://doc.utwente.nl/59032/.

http://www1.unipa.it/lamp/NuccioPhDThesis.pdf


138

BIBLIO
G

RA
PH

Y

Appendix: Symbols and Abbreviations

List of Symbols and Constants

Ag Gate Area µm2

Cdep Depletion Capacitance F
Cit Interface Defect Capacitance F
Cox Oxide Capacitance F
D0 Diffusion Constant cm2 s−1

Ea,f=r Forward/Reverse Activation Energy eV
Ea Activation Energy eV
Ec=v Conduction/Valence Band Level eV
Ef Fermi Level eV
ffib Bulk Potential eV
ffis Surface Potential eV
fcp Charge-Pumping Frequency Hz
gm Transconductance A V−1

Ib Bulk Current A
Ig Gate Current A
Icp Charge Pumping Current A
Icp,it=ot=rc Charge Pumping Current due to

Nit=Not=Nrc

A

Id,lin Linear Drain Current A
Id,sat Saturation Drain Current A
»Si Dielectric Constant Silicon 11.7
»SiO2 Dielectric Constant Silicon Dioxide 3.9
»HfO2 Dielectric Constant Hafnium Dioxide 25
kb Boltzmann constant 8.617 · 10−5 eV K−1

kf,0 Forward Reaction Rate Constant cm−3

kr,0 Reverse Reaction Rate Constant cm−3

– Mean Free Path µm
Lg Gate Length µm
— Charge Carrier Mobility cm2 V−1 s−1

Nit=ot Interface/Oxide Defect Density cm2 s−1

Nrc Recombination Center Density cm2 s−1

Pb Interface defect cm−2

PH2 H2 ambient pressure bar
PN2 N2 ambient pressure bar
Prf RF power W
q Elementary Charge 1.602 · 10−19 C
SS Subthreshold Swing mV/dec
tox Gate Oxide Thickness nm
tc=e Capture/Emission Time s
ta Anneal Time s
ts Stress Time s
tr=f Rise/Fall Time of a Voltage Pulse s
Ta Anneal Temperature K ( ◦C)
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Tchuck Chuck Temperature K ( ◦C)
Tm Measurement Temperature K ( ◦C)
Ts Stress Temperature K ( ◦C)
Va Voltage Pulse Amplitude V
Vfb Flat Band Voltage V
Vt Threshold Voltage V
Vbs Bulk-Source Bias V
Vds Drain-Source Bias V
Vgs Gate-Source Bias V
Vgs,l Top Gate-Source Bias of a Pulse V
Vgs,h Bottom Gate-Source Bias of a Pulse V
Wg Gate Width µm

List of Acronyms

CHC Channel Hot Carrier
CP Charge Pumping
CV Capacitance-Voltage (Measurement)
CVS Constant Voltage Stress
DAHC Drain Avalanche Hot-Carriers
DB Dangling Bond
DC Defect Centered Model
EEDF Electron Energy Distribution Function
EES Electron Electron Scattering
ELR Extraction from the Linear Regime
EOT Equivalent Oxide Thickness
GST Model General Simple Thermal Model
HCD Hot-Carrier Degradation
HCI Hot-Carrier Injection
EES Electron-Electron Scattering
II Impact Ionization
IV Current-Voltage (Measurement)
MVE Multi-Vibrational Excitation
LEM Lucky Electron Model
MSM(AM) Measurement-Stress-Measurement(-Anneal-Measurement)
NBTI Negative Bias Temperature Instability
nMOSFET n-channel Metal-Oxide-Semiconductor Field Effect Transistor
pMOSFET p-channel Metal-Oxide-Semiconductor Field Effect Transistor
PBTI Positive Bias Temperature Instability
PID Plasma Induced Damage
PMA/POA Post Metal/Oxide Anneal
RD Radiation Damage
R&D Reaction-Diffusion Model
RT Room Temperature (T ≈ 22− 25 ◦C)
SILC Stress Induced Leakage Current
TDDB Time Dependent Dielectric Breakdown





List of publications

Journal Papers and Proceedings

1. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, "Observations on the
Recovery of Hot-Carrier Degradation of Hydrogen/Deuterium Passivated
nMOSFETs," Microelectronics Reliability, vol. 76-77, pp 135-140, 2017

2. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, "Towards understand-
ing the Recovery of Hot-Carrier induced Degradation," Microelectronics
Reliability, vol. 88-90, pp 147-151, 2018

3. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, "Recovery after
Hot-Carrier Injection: Slow versus Fast Traps," Microelectronics Reliability,
113318, 2019

4. Alexander E.M. Smink, Maurits J. de Jong, Hans Hilgenkamp, Wilfred
G. van der Wiel, Jurriaan Schmitz, "Anomalous Scaling of Parasitic Ca-
pacitance in FETs with a High-K Channel Material," ICMTS Conference
Proceedings, 2020

5. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, "Effect of Ambient
on the Recovery of Hot-Carrier Degraded Devices," IRPS Conference
Proceedings, 2020

Conference Contributions

1. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Observations on the
Recovery of Hot-Carrier Degradation of Hydrogen/Deuterium Passivated
nMOSFETs ESREF 2017, Oral Presentation, Bordeaux, France

2. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Self-Healing in Elec-
tronic Devices (SHIELD) SAFE 2018, Poster Presentation, Enschede, the
Netherlands

3. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Towards understand-
ing the Recovery of Hot-Carrier induced Degradation MESA+ day, Poster
Presentation, Enschede, the Netherlands

141



142

LIST
O

F
PU

BLIC
A

TIO
N

S

4. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Towards understand-
ing the Recovery of Hot-Carrier induced Degradation ESREF 2018, Oral
Presentation, Aalborg, Denmark

5. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Recovery after Hot-
Carrier Injection: Slow versus Fast Traps SAFE 2019, Poster Presentation,
Delft, the Netherlands

6. Maurits J. de Jong, Cora Salm and Jurriaan Schmitz, Recovery after Hot-
Carrier Injection: Slow versus Fast Traps ESREF 2019, Oral Presentation,
Toulouse, France

7. Maurits J. de Jong, C. Salm, J. Schmitz, "Effect of Ambient on the Recov-
ery of Hot-Carrier Degraded Devices", IRPS 2020, Poster Presentation,
Delft, the Netherlands

8. Alexander E.M. Smink, Maurits J. de Jong, Hans Hilgenkamp, Wilfred
G. van der Wiel, Jurriaan Schmitz, "Anomalous scaling of parasitic ca-
pacitance in FETs with a high-K channel material", ICMTS 2020, Oral
Presentation, Edinburgh, United Kingdom


	1 Introduction
	2 Device Characteristics and Characterization
	2.1 Current-Voltage Behavior
	2.2 Charge Pumping
	2.3 Measurement process
	2.4 Considerations for the Experimental Setup
	2.5 Summary and Conclusion

	3 The Role of Hydrogen
	3.1 Introduction
	3.2 Hydrogen Passivation
	3.3 Hydrogen Transport
	3.4 Summary and Conclusion

	4 Degradation
	4.1 Introduction
	4.2 Hot-Carrier Injection (HCI)
	4.3 Bias Temperature Instability (BTI)
	4.4 TDDB and SILC
	4.5 Thermal Degradation and Heating Effects
	4.6 Plasma Induced Damage (PID)
	4.7 Summary and Conclusion

	5 Enhancing Recovery
	5.1 Introduction
	5.2 Light-soaking
	5.3 Bias
	5.4 Recovery Experiments in a Nitrogen Ambient
	5.5 Recovery in various Ambients
	5.6 Summary and Conclusion

	6 Recovery: Fast versus Slow Traps 
	6.1 Introduction
	6.2 Experimental
	6.3 Charge Detrapping
	6.4 Differentiating between Interface and Oxide Trap Recovery
	6.5 Summary and Conclusion

	7 Influence of the Stress Phase on the Stress/Recovery Cycles
	7.1 Introduction
	7.2 Isotope Effect - Degradation
	7.3 Isotope Effect - Recovery
	7.4 Multi Cyclic Degradation and Recovery
	7.5 Summary and Conclusion

	8 Conclusions & Recommendations
	8.1 Summary & Conclusions
	8.2 Original contributions
	8.3 Recommendations
	8.4 Considerations and Predictions for the Future

	Bibliography
	Appendix: Symbols and Abbreviations

	List of publications
	Journal Papers and Proceedings


