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SUMMARY

It has been the intent of this work to investigate negative bias temperature
instability (NBTI) in p-MOSFETS with ultra-thin nitrided gate oxides experimentally
and theoretically. A systematic study on NBTI has been carried out and the
understanding of NBTI mechanism is further enhanced. Firstly, a simple NBTI
characterization technique of measuring a single-point saturation drain current has
been proposed to minimize the unfavorable NBTI recovery during measurement. With
this method, the measurement time can be largely reduced. This method gives a
closer-to-real threshold voltage shift and thus yields a more reliable power-law factor.
Subsequently, since NBTI has become a key device reliability challenge for advanced
CMOS technology nodes, an NBTI in-line test methodology has been developed to
monitor NBTI during the device development phase. Moreover, NBTI recovery is
experimentally examined, and a combined empirical model for NBTI recovery within
the modulated measurement time frame has been proposed to describe the entire

process of NBTI recovery in a wide time range.

A comprehensive study on the modeling of NBTI has been conducted. An
analytical reaction-diffusion (R-D) model within the framework of the standard R-D
model has been developed. This model can well describe NBTI in a wide time scale
covering the three regimes of reaction, transition and diffusion. A power-law factor of
~1 is experimentally observed for the nitrided gate oxide, which shows clear evidence

of the existence of the reaction-limited regime for NBTI. The analytical R-D model

v
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has been extended to include the cases of other possible hydrogen-related diffusion
species, such as hydrogen ion H" and hydrogen molecule H,. Besides, an analytical
geometry-dependent R-D model has been established for two- or three-dimensional
diffusion. It has been experimentally observed that NBTI degradation increases when
the channel-length or channel-width decreases. The increase of NBTI with decreasing
channel-length is mainly attributed to the enhancement of NBTI reaction by the
increase of mechanical stress as a result of the channel-length reduction, which is
supported by process simulation and first-principles calculation, while the increase of
NBTI with decreasing channel-width can be explained in terms of the evolution of
hydrogen diffusion towards a two- or three-dimensional diffusion with the reduction

of channel-width.

Nitrogen-worsen NBTI in p-MOSFETs has been systematically studied. It is
experimentally shown that both interfacial nitrogen concentration and nitrogen depth
profile play important roles in the nitrogen-worsen NBTI. Based on the analytical
R-D model, by incorporating the dispersive nature of hydrogen diffusion, an
analytical reaction-dispersive-diffusion (R-DD) model has been developed and the
influence of hydrogen dispersive diffusion on NBTI has also been examined. It is
further verified that the analytical R-DD model can well explain NBTI including its
dependence on stress time, temperature and interfacial nitrogen concentration, and
its power-law behavior. Furthermore, first-principles calculation has been carried out
to examine the effect of nitrogen as either a reaction site at the interface or an

adjacent atom near the interface. Lower NBTI reaction energies due to incorporation
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of nitrogen suggest that nitrogen is a more effective trapping center than oxygen and
thus worsens NBTI. The role of nitrogen on NBTI is also investigated in terms of its
influence on the electro-negativity and atomic charge distribution of nitrogen,

oxygen and silicon atoms at the interface.

NBTI in 65nm- or 45nm-node p-MOSFETs with ultrathin gate dielectrics has
been extensively investigated, and in particular, the impact of process technologies on
NBTI has been examined. Stress proximity technique (SPT) is found to improve
NBTI significantly. First-principles calculation is carried out to examine the effect of
strain on NBTI, and it is found that larger strain leads to higher NBTI degradation.
Process simulation shows that although compressive stress along the channel direction
is enhanced by SPT, vertical tensile stress is greatly reduced by SPT, which is
believed to be responsible for the improvement of NBTIL. On the other hand, laser
spike annealing (LSA) worsens NBTI degradation, which could be attributed to
damage induced by high-temperature laser annealing at the interface or in the gate
oxide. Moreover, it is observed that NBTI degradation in high-performance devices
with ultrathin nitrided gate oxide can be quite pronounced even at or slightly above

the operating voltage.

VI
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Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

This thesis is a presentation of research work done at the Nanyang Technological
University. In this work, negative bias temperature instability (NBTI) in p-channel
metal-oxide-semiconductor field-effect-transistors (p-MOSFETs) with ultra-thin gate
oxide has been studied and explored. This chapter introduces the background,
motivation, objectives and major contributions of this work. Details of this study are

presented in the following chapters.

1.1 History of Metal-Oxide-Semiconductor Devices

The first bipolar transistor was built at Bell Labs in 1947 [1, 2], mainly based on
the concept of surface field-effect transistor, the predecessor of modern MOSFETs,
which was first proposed in late 1920s by Lilienfeld [3, 4] and Heil [5] separately.
Since then, especially after the realization of metal-oxide-semiconductor (MOS) gate
stacks within the thermal SiO,-Si framework, the silicon science and technology has
progressed explosively. However, today’s ultra-large-scale-integration (ULSI) system
is still mainly built upon the low-power high-density MOS structure, such as the
metal-oxide-semiconductor field effect transistors (MOSFETSs), which was first
proposed in 1960 [6], and the complementary MOSFETs (CMOS) in 1963 [7]. The
integrated circuits (IC) was first invented as early as in 1959 [8], and the rapid
development of IC has accelerated the silicon technology to be mature and constantly

undergo the down-scaling towards smaller dimensions, better device performance and
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higher packing density. Over the last four decades, the modern CMOS technology has

emerged as the most prevailing technology for today’s ULSI applications.

1.2 MOS Device Scaling — Moore’s Law

The famous Moore's law [9, 10] describes a long-term trend in the history and
development of computing hardware, and it states that: the number of transistors that
can be placed inexpensively on an integrated circuit has increased exponentially,
doubling approximately every two years. It has continued for almost half a century
and is expected to continue for another decade at least or even much longer. Indeed,
Moore's law has become the main driving force of technological and social change in

the late 20" and early 21* centuries.

To follow the Moore’s law, a set of scaling rules has been well established over
the decades to achieve smaller dimension, higher density, faster speed, less power
dissipation and lower cost per circuit. According to the scaling rules as in Ref. [10],
for every three years, the device dimension is reduced by a factor of 0.707, the chip
size is increased by a factor of 1.5, and the total number of transistors in a chip is
increased by a factor of 4. Down-scaling in device dimension, particularly in the
transistor gate length, induces a higher transistor current, which enables the device to
switch faster and thus leads to faster computations for the chip. In addition, transistor
size becomes smaller and hence more transistors can be integrated into a single chip.
Consequently, the complexity and functionality of ICs is also increased while the

manufacturing cost per chip is still kept low.
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To achieve the target that is predicted by Moore's law, MOS device scaling needs
to be further developed, and the down-scaling involves all aspects of the advanced
silicon technology, including lithography, etching, thin film deposition, ion
implantation, diffusion, gate length/width, gate dielectric thickness, power supply
voltage, threshold voltage, short-channel effects, high-field effects, dopant density
fluctuation, interconnect, novel device structures, circuit design and device reliability
[11-13]. Device scaling was traditionally limited by the development of new
lithography tools, masks and photoresist materials, and the critical-dimension etch
processes. Nevertheless, in the past few years, it has become clear that: despite the
advances in these crucial technologies and other innovations to produce smaller
feature sizes down to nanometer-scale, the front end technologies cannot keep pace,
and thus the device performance has to be compromised. Indeed, the crux of this
problem comes from the fact that the traditional gate dielectric film has been pushed
to its fundamental limit. As a result, continuous device down-scaling requires a

modification of the existing materials or an introduction of other new materials.

1.3 Gate Dielectric Scaling and Oxide Reliability

The gate stack, as the heart of MOS devices, is most critical to the success of the
CMOS technology. As early as the 1960s, the thermally-grown silicon dioxide (SiO,)
has been used as the gate dielectric for the MOSFETSs [14], and extensive research and
development over the past four decades have shown that SiO, exhibits superior
interfacial properties and can provide an excellent passivation for the silicon surface
against contamination. This is mainly due to the fact that SiO, has many unique and

outstanding properties in nature. Most importantly, SiO; is native to silicon, and thus

3
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forms an interface with low defect density (~10" eV'em™, after H, passivation). SiO;
also possesses excellent thermal and chemical stability, which enable
high-temperature processing. Besides, SiO, has very high resistivity (~10" Q cm),
excellent dielectric strength (~1x10” V/cm), and a large band gap (~9 eV). All these
properties make SiO, the best candidate for the gate dielectrics in the gate stack,

which indeed has triggered the revolutions of microelectronics for decades.

However, according to the ITRS roadmap 2007 [15], reduction of equivalent gate
oxide thickness (EOT) has emerged as the most critical and difficult challenge for
further down-scaling, which is constantly required for continuous improvement of
device performance. EOT for pure oxide is now approaching its fundamental material
limits. Nevertheless, the ultra-thin gate oxide or nitrided oxide still remains a hot
research topic for 65nm or 45nm technology nodes. Regarding the employment of
ultra-thin gate oxide, some issues need to be solved, such as the direct tunneling,
quantum mechanical effect, boron penetration, gate poly-silicon depletion, and oxide
reliability. Among them, the gate oxide reliability has been one most critical issue and
might become a possible showstopper for further down-scaling, since gate oxide
degradation or breakdown can lead to malfunctions or immediate failure of advanced
ULSI devices and circuits [16-25]. Gate oxide breakdown is partially attributed to the
increasing oxide field &, due to a less-aggressive scaling of the supply voltage [16,
20]. In addition, the charge-to-breakdown decreases significantly as the oxide
thickness shrinks. Therefore, under constant voltage stress, oxide breakdown becomes

easier [21, 22].

Besides oxide breakdown, there are two other main oxide degradation

mechanisms: namely, hot-carrier injection (HCI) [26-30], particularly in n-channel
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MOSFETs, which used to limit the lifetime of CMOS circuits for 0.35um technology
node and above, and negative bias temperature instability (NBTI) [31], particularly in
p-channel MOSFETs. With all these concerns mentioned above, the reliability of
ultra-thin gate dielectrics has become one major limiting factor for future ULSI

development.

1.4 Motivation

In recent years, NBTI has been widely recognized as one major device reliability
issue, especially for high performance p-MOSFETs with ultrathin gate oxide, and it
would become the showstopper for further down-scaling of gate-dielectric [31-33].
When the device is stressed with a negative gate bias at an elevated temperature,
NBTI could lead to a significant increase of the threshold voltage (AVy) in
p-MOSFET by as much as 20~50 mV over a period of time, depending on the
operating condition of the chip. As a consequence, the device becomes more difficult
to turn on, the drive current decreases and thus the circuit speed is largely reduced.
With the aggressive down-scaling of the gate oxide thickness into the direct-tunneling
regime, when the oxide thickness becomes less than 3.5 nm, instead of HCI-induced
degradation in n-MOSFETs, NBTI degradation in p-MOSFETs starts to limit the
lifetime of CMOS circuits [31, 32]. Moreover, the nature of dielectric degradation in
ultra-thin oxides could be quite different from that in thicker oxides. Therefore, as the
gate dielectric thickness shrinks to sub-2nm, which is only several-atomic-layers thick,

gate dielectric reliability issues such as NBTI in p-MOSFETs need to be re-examined.

For 0.13um technology node and beyond, instead of pure SiO,, nitrided oxide or
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oxynitride (SiOxNy) has been widely used as the insulating gate dielectric, because the
incorporation of nitrogen overcomes the problem of boron-penetration, provides a
relatively-higher dielectric constant k value, preserves the good interface quality, and
reduces HCI degradation effectively in n-MOSFETs. However, it has been intensively
reported that incorporation of nitrogen into the gate oxide worsens NBTI degradation
quite significantly [34-38]. The role of nitrogen in NBTI has to be further investigated
experimentally, and the underlying mechanism of the nitrogen-worsen NBTI also
needs to be studied and revealed, through physical and atomistic modeling. Moreover,
the characterization of NBTI becomes quite critical since NBTI recovery is
universally observed upon the removal of stress [32, 39-41], which occurs in the
reality and might be encountered quite frequently during electrical measurement as

well.

Moreover, in the semiconductor manufacturing industry, as driven by Moore’s
Law [9, 10], device down-scaling will at least continue in another decade or longer.
Concurrently, in order to further boost device performance, various advanced or novel
process technologies, such as stress engineering and material innovations, will be
developed and implemented in the real chip fabrication. The impact of these new
processes or techniques on NBTI degradation and other related reliability issues ought
to be addressed immediately during development. Therefore, some sort of in-line test
methodology on NBTI would be quite beneficial, and the study of the
process-dependent NBTI also becomes quite necessary and useful for further process

development and optimization.
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1.5 Objectives and Scope of Research

The main objectives of this thesis are to investigate NBTI degradation in
p-MOSFETs and to study the underlying mechanism of NBTI through physical and
atomistic modeling, process simulation and device characterization. The scope of the

research and approach is as follows:

1. Electrical characterization of BTI degradation in MOSFETs by using different
measurement methods, including conventional Current-Voltage (/-V) method,
single-point saturation/linear drain current method, On-the-Fly (OTF) method,
Direct-Current Current-Voltage (DCIV) method, and Charge Pumping (CP)
method.

2. Experimental investigation of NBTI and NBTI recovery in p-MOSFETs.

3. Development of a simple and fast NBTI measurement method, based on the
measurement of single-point saturation drain current.

4. Development of an in-line test methodology for NBTI.

5. Physical modeling of NBTI in p-MOSFETs, mainly based on the classical
reaction-diffusion (RD) model by incorporating the dispersive nature of hydrogen
diffusion.

6. Characterization and modeling of nitrogen-worsen NBTI degradation, and a
thorough examination of the underlying mechanism.

7. Modeling and characterization of geometry-dependent NBTI in p-MOSFETs with
various device channel dimensions.

8. Experimental investigation and modeling of the impact of process technologies on

NBTI in p-MOSFETs for 65nm/45nm technology nodes.
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1.6 Major Contributions of the Thesis

In this thesis, characterization and modeling of NBTI degradation in p-MOSFETs
with ultra-thin gate dielectric have been investigated and studied in detail. The major

contributions of this thesis are listed as follows:

1. A simple NBTI characterization method has been developed to minimize the
immediate recovery effect during measurement, and an NBTI in-line test
methodology has been proposed to examine NBTI degradation during the
development phase.

2. NBTI recovery phenomenon in p-MOSFETSs has been investigated experimentally,
and a combined empirical model of NBTI recovery has been proposed so as to
describe the entire process of NBTI recovery in a wide time range.

3. An analytical reaction-diffusion (R-D) model has been proposed to describe NBTI
in p-MOSFETs in a wide time scale covering the three regimes of reaction,
transition and diffusion, and the analytical R-D model has also been extended to
include other possible hydrogen diffusing species.

4. Based on an analytical geometry-dependent R-D model, the geometry dependence
of NBTI has been investigated experimentally and studied thoroughly in terms of
the strain effect and hydrogen diffusion in devices with smaller dimensions.

5. The nitrogen-worsen NBTI degradation in p-MOSFETs has been well explained
by an analytical reaction-dispersive-diffusion (R-DD) model that incorporates the
dispersive nature of hydrogen diffusion, in terms of the dependence of NBTI on
stress time, stress temperature and interfacial nitrogen concentration, and the
power-law behavior as well, and first-principles calculation has been carried out to

examine the influence of nitrogen on NBTI, in terms of the NBTI reaction energy,
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electro-negativity and atomic charge distribution of nitrogen, oxygen and silicon
atoms at the interface.

6. Impact of various advanced process technologies, such as the stress proximity
technique (SPT) and laser spike annealing (LSA), on NBTI in 65nm or 45nm
low-power p-MOSFETs has been investigated. NBTI in high-performance devices

with ultrathin nitrided gate oxide has also been studied.

1.7 Organization of the Thesis

This thesis mainly focuses on the study of NBTI in p-MOSFETs with ultra-thin

gate dielectric, and it is organized as follows:

CHAPTER 1 provides an introduction on the history and development of MOS
devices, MOS device scaling and gate dielectric scaling, and the oxide reliability is
briefly reviewed, particularly on the NBTI issue in p-MOSFETs. The motivation,

objectives and major contributions of this thesis are also presented in this chapter.

CHAPTER 2 reviews some fabrication techniques of silicon oxide and oxynitride
and some basic theory on the gate oxide interface as well. An overview on NBTI in
p-MOSFETs is given, including a brief history and some latest highlights, and it is
followed by a compact review on the material/process-dependence of NBTI. The
physical models for NBTI, in terms of interface trap generation/re-passivation,
positive oxide trap generation, hole trapping/de-trapping and deep-level hole-trapping,
and some models for NBTI recovery, are summarized. Lastly, some conventional and

fast NBTI characterization techniques are briefly reviewed.
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CHAPTER 3 focuses on the characterization of NBTI and NBTI recovery. A
simple NBTI characterization technique of measuring a single-point saturation drain
current is developed to minimize the unwanted NBTI recovery during measurement.
An NBTI in-line test methodology is proposed here to monitor NBTI degradation
during process development, aiming for process comparison and optimization in an
advanced technology node. NBTI recovery is also examined and a combined
empirical model for NBTI recovery is used to describe the entire process of NBTI

recovery in a wide time range.

CHAPTER 4 gives a comprehensive study on the modeling of NBTI degradation.
Based on the classical reaction-diffusion model, an analytical reaction-diffusion (RD)
model is developed to describe NBTI degradation in p-MOSFETs in a wide time scale
covering the three regimes of reaction, transition and diffusion. This analytical R-D
model for NBTI is then extended to become a more general model that includes other
possible hydrogen-related diffusing species, such as the positively-charged hydrogen
ion H" and hydrogen molecule H,. Lastly, an analytical geometry-dependent R-D
model is derived, and the geometry dependence of NBTI is evidenced and studied, in
terms of the strain effect and the influence of hydrogen diffusion at edges and corners

for devices with smaller dimensions.

CHAPTER 5 presents a systematic study on nitrogen-worsen NBTI. NBTI
degradation for the nitrided gate oxides can be well described by an analytical
reaction-dispersive-diffusion (R-DD) model in diffusion-limited regime, and it is
found that both the interfacial nitrogen concentration and the nitrogen profile in the
nitrided oxides play important roles in the nitrogen-worsen NBTI. The influence of

hydrogen dispersive diffusion on NBTI is examined and the R-DD model can well
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explain the dependence of NBTI on stress time, temperature and interfacial nitrogen
concentration, and its power-law behavior as well. Lastly, first-principles calculation
is carried out to examine the effect of nitrogen as either a reaction site or adjacent
atom(s) at the interface, in terms of the NBTI reaction energy, electro-negativity and

atomic charge distribution of nitrogen, oxygen and silicon atoms at the interface.

CHAPTER 6 mainly investigates the impact of various advanced process
technologies, such as stress proximity technique and laser spike annealing, on NBTI
degradation in p-MOSFETs. NBTI degradation in high-performance devices with

ultrathin gate dielectrics is also examined.

CHAPTER 7 summarizes the work that has been done in this thesis, and lastly,

the recommendations for future research are presented.

11
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CHAPTER 2 LITERATURE REVIEW

This chapter starts with a brief review on the basic theory of the Si-SiO; interface.
An overview of negative bias temperature instability (NBTI) in p-channel
metal-oxide-semiconductor field-effect-transistors (p-MOSFETs) is presented,
followed by a brief summary on the process dependence of NBTI. Moreover, various
NBTI models and models for NBTI recovery, in terms of interface trap
generation/re-passivation, positive oxide trap and hole trapping/de-trapping, are
summarized. Lastly, some conventional and fast NBTI characterization techniques are

briefly reviewed.

2.1 Substrate/Gate-Dielectric Interface

The substrate/gate-dielectric interface, as the main part of the gate stack, is one of
the most important systems in the MOS device, and hence high-quality gate dielectric
layers are always highly desired in order to meet the stringent requirement of CMOS
technology development. The silicon dioxide (Si0,) was used as the gate dielectric for
the MOS device as early as the 1960s [14], and from then on, the SiO,-based
dielectric system has been widely adapted in CMOS technology. The basic structure
of thermally-grown amorphous SiO, is tetrahedral. The silicon ion is surrounded by
four oxygen ions which act as bridges linking with other silicon ions to form various

phases of SiO,.

12
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2.1.1 Fabrication Techniques of Silicon Oxide and Oxynitride

The ultra-thin gate dielectric can be fabricated by thermal growth, deposition or
implantation. The fabrication process may directly influence the quality of the gate
dielectric and eventually affect the characteristics of CMOS-based ICs. The detailed

fabrication techniques of SiO, are listed in the followings:

¢ Thermal growth
The conventional and simplest method to fabricate SiO; is to grow it thermally by
exposing Si to O, at a high temperature. In fact, all commercial SiO, gate
dielectrics are grown by thermal oxidation, using O, or H,O as oxidant species.
However, the thermal method incurs a high thermal budget. Therefore, for the
growth of ultrathin gate dielectrics in advanced CMOS technology, rapid thermal
processing is used after the thermal growth to control the thermal budget.

¢ Chemical deposition
Chemical deposition is used when a low thermal budget is desired. This technique
does not involve the reaction with Si substrate. Instead, the SiO; layer is purely
deposited by chemical vapor deposition (CVD). However, this method is not
suitable for growing ultrathin gate oxide, mainly due to its poor uniformity and

quality as well.

e Physical deposition
There are two types of physical deposition techniques, namely, ion implantation
and high-density plasma. Ion implantation is usually followed by thermal anneal or
oxidation treatment, while high-density plasma is mainly for nitridation. Both
techniques can well control thickness, composition and structure of the deposited

dielectric to a certain degree. The physical deposition techniques are quite distinct

13



ATTENTION: The Singapore Co hno

cument. Nanyang Tec

Chapter 2 Literature Review

from plasma- or ion-induced chemical deposition. The dielectric layer is grown by
the incorporation of energetic species and the subsequent reaction of these species
with the substrate. As a consequence, these techniques might induce large damage

to the substrate.

Techniques of Incorporating Nitrogen into SiO;

v ‘ v

Thermal Physical Chemical
Nitridation Deposition Deposition
A 4 A 4 A 4 A 4 A 4 A 4 A 4
NH; N,O || NO N, Plasma CVD || ALD JVD

Ion Implantation

Figure 2.1: Different techniques of incorporating nitrogen into SiO,, after [42].

As the development of advanced CMOS technology continues, Si-O-N or
oxynitride (SiOxN,) is widely adapted as the gate dielectric to replace pure SiO.
Incorporation of nitrogen into the gate oxide can suppress boron penetration [43, 44],
preserve a good interface quality, and hence reduce gate leakage and enhance the
resistance to hot-carrier aging and dielectric degradation [45, 46]. Besides, Si3Ny4 has a
higher dielectric constant, and thus SiOxNy film with the same EOT as that of pure
Si0; film will be physically thicker. Similarly, nitrogen can be incorporated into SiO;
by three different methods, namely thermal nitridation, physical deposition and
chemical deposition, which are summarized in Fig. 2.1. Although thermal nitridation
is usually carried out at very high temperature, it can only induce a relatively low

nitrogen concentration in the film on the order of 10" N/em? [42]. To achieve a higher
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nitrogen concentration in oxide film with a lower thermal budget, other deposition
methods, such as chemical vapor deposition (CVD) [47], jet vapor deposition (JVD)
[48], atomic layer deposition (ALD) [49], or nitridation by nitrogen plasma generated
by the impact of low-energy electrons [50], can be used. However, these
low-temperature deposition methods normally result in non-equilibrium films, which
are thermodynamically unstable, and thus subsequent thermal annealing treatment is

often required to minimize defects and improve film quality [51].

2.1.2 Charges in the Si-SiO, System

As the heart of MOSFETs, the MOS capacitor is the most fundamental structure
for understanding the Si-SiO, system. The MOS capacitor has been well studied

because it is directly related to most planar devices and ICs.

An ideal MOS capacitor, with the assumptions of zero work-function difference,
ideal metal/poly-Si gate, flawless bulk substrate, perfect gate dielectric and defect-free
interface, is the foundation to understand the practical MOS diode and to explore the
physics of semiconductor devices and circuits. When an ideal MOS capacitor is
biased with an external voltage, three surface conditions may exist according to the
change of the surface potential ¥4, namely accumulation, depletion and inversion,
which correspond to <0, Ws>;>0 and > for the p-type substrate, respectively,
where Y is defined as the potential difference between the Fermi level (Ef) and the

intrinsic Fermi level (E)).
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Figure 2.2: Charges and their locations in thermally oxidized silicon, after [52].

For a practical MOS capacitor, work-function difference between the metal and

semiconductor would bend the energy band upwards or downwards. Meanwhile,

interface traps and oxide charges may also largely affect the MOS characteristics.

External influences, such as temperature, ionizing radiation, hot-carrier injection and

voltage stress, have strong impact on interface trap and oxide charge generation. In

real application, interface traps and oxide charges might be responsible for the

failure

of MOS devices. Fig. 2.2 shows the classifications of these charges in the Si-SiO,

system. They are briefly introduced as follows [52, 53]:

(1) Fixed oxide charge (Qx, N¢)

The fixed oxide charge is positive, mainly due to structural defects in the oxide
layer less than 25A from the Si-SiO, interface. The fixed oxide charge is
immobile under an applied electrical field and not affected by the oxide
thickness or by the type and concentration of dopant in the silicon. It is usually
believed that excess silicon atoms and/or the loss of electrons from excess

oxygen atoms near the Si/SiO; interface is the origin of the fixed oxide charges.

16



ATTENTION: The Singapore Copyright Act ap

Chapter 2 Literature Review

(2) Mobile oxide charge (Qm, Nm)
The mobile oxide charge primarily refers to alkali ions such as Na*, Li*, K" and
possibly H*. The development of CMOS technology was ever delayed due to the
mobile charges in the early days, but they are no longer a critical concern in the

state-of-art CMOS technology nowadays.

(3) Interface trapped charge (Qj, Ni, Dit)
The interface states, also known as the interface traps, have energy states in the
silicon band-gap and can result in charges trapped at the Si-SiO, interface.
Interface trapped charges are mainly caused by oxidation-induced structural
defects, metal impurity and other defects from radiation or similar
bond-breaking process. For a thermally-grown SiO,, most of the interface
trapped charges can be neutralized by forming-gas anneal. There are two types
of interface traps, namely donor-like trap and acceptor-like trap. The interface
states can be charged or discharged, depending on the surface potential. The
acceptor-like interface trap is neutral when the Fermi level (Ef) is below the state
and it will become negatively charged if Ep is above the state, while the
donor-like interface trap is neutral when Ep is above the state and it will become

positively charged if Er is below the state.

(4) Oxide trapped charge (Qot, Not)
The oxide trapped charge may be positive or negative, due to holes or electrons
trapped in the oxide by ionizing radiation, avalanche injection, tunneling and
hot-carrier injection during device operation. These oxide traps are associated
with defects in SiO;, and most of them can be eliminated by the subsequent
anneal, although neutral traps may still remain and are distributed through the

oxide layer.
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2.2 Review on NBTI in p-MOSFETs: An Overview

Negative bias temperature instability (NBTI) occurs particularly in p-channel
metal-oxide-semiconductor field-effect-transistor (p-MOSFET) when the device is
stressed with a negative gate bias at an elevated temperature for a certain period of
time. As a result, it leads to an instability of device performance in terms of the
increase of threshold voltage and the decrease of drain current, trans-conductance and
hole mobility. More specifically, NBTI degradation originates from the generation of
interface traps and oxide traps in device under NBTI stress. In real IC, e.g. a typical
CMOS inverter as shown in Fig. 2.3, when the input is at GND (Low), the output is
High, and correspondingly, the top p-MOSFET is under a negative gate bias with
respect to the substrate. Similarly, when the input is at High, the output is Low and the
bottom top n-MOSFET is under a positive gate bias. Therefore, NBTI in p-MOSFET

occurs very commonly during real IC operation.

O Vad
%ﬁ{ PMOS
Input Output
4@. @7
GND 1-":[l:l
Via 4{ NMOS  GND

GND N
Figure 2.3: Bias conditions of a typical CMOS inverter during circuit operation. GND

stands for the “Low” state, while V44 corresponds to the “High” state.
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2.2.1 History of NBTI

NBTI can be traced back to the very early days of MOS device development, first
observed by Miura and Matukura in 1965 [54], and also reported by Goetzberger et al.
in 1966 [55] and Deal et al. in 1967 [56]. All these studies were carried out based on
MOS structure with Al electrode and thermally-grown SiO; on Si substrate, and
device degradation was monitored by the accumulated electron density Ngg (obtained
from the flat-band voltage Vpg of device C-V characteristics) [54], the flat-band
voltage Vg [55, 57], the surface-state charge/density Q/Nss [56-58] and the fast
surface-state density Ny [56, 58]. By assuming that the distribution and the density of
surface-states were unchanged, Minra and Matukura attributed the increase in the
flat-band voltage Vg under negative bias temperature stress as an indication of the
generation of accumulated electrons Ngg in the SiO, near the interface, and Npg was
originated from oxygen vacancy ions resulting from the electrochemical reaction of
SiO; under a strong electric field [54]. Similarly, Goetzberger et al. observed the
phenomenon of negative Vgp shift in the Al-SiO,-Si MOS structure under a negative
bias, and the change in Vg was larger for a more negative bias. It was explained by
either the injection of carriers from substrate into traps deeper in the oxide or the
space charge limited emission of positive ions from the substrate, but the former
possible explanation was invalidated by the absence of time dependence [55].
However, in their later study [57], the logarithmic time-dependence of the increase in
surface-state density was observed, which is shown in Fig. 2.4. It could be explained
on the basis of either a charge model [59] that involves the tunneling of carriers from

the silicon to the oxide or a chemical model that alters the chemical bonds to form
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defects. The defects could effectively trap electrons or holes, which was further
illustrated by Breed in his work [60]. Moreover, an essentially linear dependence of
surface state density on the stress voltage was observed and there was no threshold for
this effect. Indeed, the data extracted from [57] and re-plotted in Fig. 2.4 can better fit
the power-law time-dependence, and it yields an exponent factor of ~0.29 at 250°C. In
Deal’s early work [56], besides initial surface state charges Qss, fast surface-state
density Ny was also observed from the device C-V characteristics and it is linearly
correlated to the initial Qg value. Moreover, the results for different oxide thicknesses
implied that the effect was proportional to the applied electric field rather than the
applied voltage, and interestingly, this stress-induced Qg could be partially recovered
towards the original value by applying a subsequent positive bias or by shorting the
field plate to the silicon at a higher temperature. A comprehensive summary on the
charges in thermal SiO, was given in Deal’s later work [58], in which the
understanding and possible origins of the fixed surface state charge Qs fast
surface-state density Ny and oxide trapped charge Q. under negative bias temperature
stress were presented. As can be seen in Fig. 2.5, in the transition region, there were
two kinds of fast states Ny - dangling silicon bond unpassivated with hydrogen and
Ny - dangling silicon bond due to a missing oxygen atom, which was at that stage
believed to be the source of Qg but in later development was solved or improved by
advanced techniques as mentioned in previous section 2.1.1. If a negative electric
field is applied across the oxide, with the assistance of high temperature anneal or
ionizing radiation, various kinds of silicon-oxygen bonds at/near the interface and in
the oxide could be broken, which in turn leads to Ny, Qss, and N, It was reported that

Ny could be minimized by hydrogen anneal, which was nowadays widely adapted in
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advanced silicon technology as the most common process of forming gas anneal to

improve oxide interface by passivating the dangling silicon bonds at the interface.

zeV'l)

1.5x1011

1011 L

5.0x10%

Change in Surface State Density (cm

Stress Time (minutes)

Figure 2.4: The time development of surface states under stress at 1 0° V/em at 250°C

and 300 °C. A best fit log(time) line is shown for each set of points. After [57].
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Figure 2.5: Two dimensional sketch of thermally oxidized silicon showing possible

origins of charges. After [58].
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Figure 2.6: The increase of the oxide charge measured as the shift of the C-V curve at
midband, plotted against the relative surface-trap density at midband. The same
relationship is observed after NBS at both 125 C, -55 V (5.8 MV/cm) and 25 C, -65
V (6.8 MV/cm) and indicates that there is roughly one surface trap per oxide charge.

After [61].

In 1977, Jeppson and Svensson [61] observed NBT-stress induced degradation in
the Metal-Nitride-Oxide-Semiconductor (MNOS) transistor in terms of a negative
shift in the threshold voltage window and a decrease in the retention time, and further
confirmed that interface trapped charges N; and oxide trapped charges N, were
equally generated, as shown in Fig. 2.6. Besides, a power-law time-dependence of the
interface trap generation with an exponent factor of 1/4 was extensively observed at
low electric field, and it could be well explained by a diffusion-controlled
electrochemical reaction occurring at the interface with hydrogen-terminated silicon
bonds (Si-H) acting as precursors of this reaction [61]. The one-to-one correlation

between NBTI-induced N;; and N, was further confirmed by many researchers
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[62-65], while the power-law time-dependence of NBTI was extensively observed and
the power-law factor n was reported in range of 0.20~0.30 [62-67]. The
diffusion-controlled electrochemical reaction model was also well-known as the
reaction-diffusion (R-D) model, and it was further unified and generalized for both the
charged and neutral diffusing species by Ogawa and Shiono in 1995 [68]. On the
other hand, Blat et al. proposed their NBTI model, mainly based on a first-order
electrochemical reaction that involved hydrogen-terminated trivalent silicon atoms,
neutral water-related species and holes at the surface. The reaction would result in a
trivalent silicon at the interface and a positively-charged water-related species in the

oxide when the device is under the NBTI stress [64].

2.2.2 New Era of NBTI Since 1999

With aggressive down-scaling of gate oxide thickness into the direct-tunneling
regime, when the oxide thickness is reduced to be less than 3.5nm, instead of the hot
carrier degradation, NBTI degradation starts to limit the device lifetime. It was first
predicted by Kimusuka ef al. in 1999 [31]. Indeed, as the gate dielectric migrated to
the nitrided oxides, the nitrogen content in the oxide was found to worsen NBTI
significantly, and it made NBTI as one of the most critical device reliability issues
shortly after the nitrided oxide became industry standard for the advanced CMOS
technology [34, 35, 69-74]. Since then, research on NBTI has progressed very fast.
NBTI was examined in all aspects, including its material/process-dependence,
time-dependence, temperature-dependence and voltage/field-dependence. Theoretical
work, in terms of physical models and atomic models, was carried out to understand

NBTI mechanism and explain the origin of interface traps N; and/or oxide charges N,
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and various dependences of NBTI as well. In particular, the effect of nitrogen on
NBTI was extensively studied. Moreover, the frequency-dependence of NBTI and its
impact on actual device lifetime in real application were also examined. On the other
hand, in order to minimize the undesirable measurement-induced NBTI recovery,
various fast or ultra-fast characterization techniques are developed to facilitate NBTI
research on ultra-thin gate oxide, nitrided oxide and other conventional or novel
high-k dielectrics. All these NBTI-related topics mentioned above will be briefly

reviewed in the following sections separately.

2.3 NBTI Phenomenon and Process Dependence

NBTI is quite sensitive to process conditions, and a comprehensive review on this
topic can be found in Ref. [33]. Some key points and an updated review on NBTI

observations as well as its process-dependence will be presented in this section.

2.3.1 NBTI Observations in MOS Devices

In early research, NBTI mainly refers to the generation of positive interface traps
Ny and oxide charges N, in the MOS structure under a negative gate bias at an
elevated temperature. For state-of-art p-channel MOSFETs, the net contribution of Nj

and N, to the threshold voltage shift AVy, will be:

AN, +AN
A‘/th:q( téj+ ot)

(224

Q2.1

where ¢ is the unit electron charge and Co is the oxide capacitance.

24



ATTENTION: The Singapore Copyright Act ap

Chapter 2 Literature Review

10 . ; 10°
T, =2.0nm, 25°C Vi ]
101 'lonl = IOMV/Cm ]
PMOSFET ;10
~ 10 ] -
z g
= 10! 1102
Ny PMOSFET ] >
< .., . <
10 ]
NMOSFET | 103
-3 L é 1
103 G,
10 : : : : : 10
10° 10! 102 103 104 10° 10¢
Time (sec)
(a)
10
o Vy=-15V
o Vpg=-0.1V i
= Saturation
= T, =2.70m
o
o0
=
<
=
O Linear
S 1
& q
Vorrpss = -3-1V
1 1
101 102 103

Stress Time (s)
(b)
Figure 2.7: (a) Vi, change and G, degradation vs. stress time for n- and p-MOSFETS,
after [31]. (b) % change in 1; vs. stress time for two drain biases, showing that 15,

degradation is more than l;, degradation, after [32].

The saturation drain current Iy, linear drain current Iy;, and trans-conductance

G, for the p-MOSFET are generally given by Egs. (2.2-2.4) respectively:
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dsat :“Z—LM(Vg _‘/th )2 (2'2)
u€ CGXW Vi
Ly, = ﬁT|:(Vg =V )Vds - ; } (2.3)
G, :M 2.4
(Vg _Vth)

where W is the device channel width, L is the device channel length, pe is the
effective hole mobility, Cox is the oxide capacitance, V, is the gate bias and Vs is the

drain bias with the source and body at ground.

Therefore, changes in the threshold voltage Vi, and/or in hole mobility ueg could
lead to a degradation in lgsy, lqiin and Gp,. NBTI-induced AVy, is shown in Eq. (2.1)
and degradation of hole mobility may come from interface trap generation that leads
to additional surface scatterings at the interface. As can be seen in Fig. 2.7(a), both
AV and AGy, were observed for MOS devices subjected to NBTI stress, and it was
clearly shown that BTI degradation in p-MOSFETs was much larger than that in
n-MOSFETs. In Fig. 2.7(b), I4 degradations were observed for two different drain
biases and it was clearly shown that Iy, degradation was much more than Ig;,

degradation.

Moreover, the projected device lifetime [34, 75-80] is widely used to monitor
NBTI degradation, and mismatch of Vi, and B [81, 82], noise characteristics [83, 84]
and delay degradation and/or frequency shift in ring oscillator [32, 85-88] may also be

used to examine the impact of NBTI on the circuit performance.
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2.3.2 Hydrogen, Deuterium and Water

Hydrogen is believed to play a critical role in NBTI because it is widely accepted

to be the main species that passivates silicon dangling bonds at the interface due to

mismatch of silicon and silicon dioxide during forming gas anneal or other processes.

The hydrogen-terminated Si-H bond acts as a precursor of NBTI reaction, and it will

break under NBTI stress to form interface trap. Hydrogen incorporation would lead to

the formation of Si-H and O-H at the interface and in the oxide as well, and the

concentration of Si-H and O-H could be quite high in the range of 10"%~10*cm™ for

both dry and wet oxides [89]. The distribution of hydrogen in the oxide is

non-uniform and a substantial pileup can be observed near the interface [89, 90].

Moreover, hydrogen can exist in various forms, such as atomic H, molecular H,

proton H", or as a part of hydroxyl OH, hydronium H30" and hydroxide ions OH".
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Figure 2.8: (a) The effect of PMA on AVy,. D; PMA suppresses NBTI. (b) The effect of

oxidation on AVy,. Wet oxidation enhances NBTI. After [34].

Deuterium, a stable isotope of hydrogen with heavier mass, has been shown to
reduce NBTI [34, 69]. Fig. 2.8(a) depicts the effect of H, and D, post metal annealing
(PMA) on NBTI-induced A Vy,. It was clearly shown that deuterium PMA suppressed
NBTI. Recent studies on HfO, [91-93] or nitrided oxide [94-96] also confirmed the
improvement of NBTI by deuterium, although Mitani and Satake [96] found no

isotope effect in the p+-gate p-MOSFETs.

Water in the oxide worsens NBTI. Water or moisture can be easily incorporated
through various processes, such as etching, cleaning and oxidation. For instance,
oxides can be grown in different environments. Dry oxide is grown in O,, damp oxide
is grown by exposing the dry oxide to post metal annealing at 450 °C, and wet oxide
is grown in the presence of water vapor. Blat et al. [64] carried out NBTI experiments

for the dry, damp and wet oxides and observed N;; and N,, generation in damp and wet
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oxides but not in dry oxide, Based on this, they proposed a model as mentioned
previously that both water-related species and hole should be present near the
interface so as to enable NBTI reaction. Helms et al. [65] also confirmed this, but they
proposed that H,O was most likely as the de-passivating reactant for the formation of
dangling Si bonds at the interface while H appeared to be less likely as the attacking
reactant. Later, Kimuzuka et al. [34] found that, as compared to the dry O, grown
oxide, the wet H,-O, grown oxide induces more NBTI degradation, which was clearly
shown in Fig. 2.8(b) and further confirmed that water worsen NBTI. Although the
process is well controlled for advanced CMOS technology, extra-care must be taken

to minimize the presence of water during manufacturing process.

2.3.3 Boron

Boron was found to worsen NBTI by Yamamoto et al. [67]. It is believed that
boron can diffuse into the gate oxide from the boron-doped gate. Figure 2.9(b) shows
that boron penetration could suppress the NBTI-induced interface trap generation,
which was mainly attributed to the formation of Si-F bonds from the BF,-based boron
implantation [97]. However, as can be seen in Fig. 2.9(a), the overall AV, degradation
is worse for the sample with boron penetration, mainly because of much larger
positive oxide charge generation due to more boron-initiated defects in the oxides.
Moreover, a significant device lifetime improvement was observed if boron
penetration was suppressed [67, 98]. Later, Ang et al. [71] found that the NBTI
mechanism was insensitive to the boron penetration. On the other hand, Makabe et al.
[99] observed an opposite effect and concluded that NBTI could be suppressed by

boron penetration when boron was incorporated with higher annealing temperature,
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well. Therefore, more studies are needed to elucidate the role of boron in NBTIL.
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Figure 2.9: BT stress time dependence of (a) AVy, and (b) AN for p-MOSFET’s with

and without boron penetration. After [67].
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2.3.4 Fluorine

Fluorine is known to have many beneficial effects on the MOS device. Fluorine
improves dielectric integrity and thus reduces HCI and NBTI. Hook et al. [100]
reported that fluorine could reduce NBTI. As shown in Fig. 2.10, the reduction of
NBTI increases as the implanted fluorine dose increases. This fluorine-improved
NBTI phenomenon was observed and further confirmed by many other researchers
[35, 97, 101-103]. The improvement of NBTI by fluorine is mainly attributed to the
formation of stronger Si-F bonds at the interface, which increases the resistance
against NBTI degradation. However, fluorine may enhance boron penetration [103]
and induce higher junction leakage as well, both of which are not favorable for device
performance. Besides, Fleetwood er al. [104] also found that fluorine could worsen
NBTI in some cases, depending on the concentration and profile of fluorine species in

the near-interfacial S102.

100 [
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10 |
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Figure 2.10: NBTI shift as a function of time for wafers with and without added

fluorine. Implanted fluorine dose was 5x1 0" em?. After [100].
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2.3.5 Nitrogen

The incorporation of nitrogen into the gate oxide overcomes the problem of boron
penetration in p-MOSFETs, provides a relatively-higher dielectric constant, preserves
a good interface quality, and also reduces HCI degradation effectively in n-MOSFETs.
However, nitrogen was extensively reported to worsen NBTI degradation [34-37, 71,
74, 105-111]. This well-known nitrogen-worsen NBTI was evidently shown in Fig.
2.11, which compared the NBTI-induced threshold voltage shift (AVy,) between the
pure and nitrided oxides. When the gate oxide is further down-scaled, higher amount
of nitrogen is required to suppress boron penetration and it must be weighed against
the enhancement on NBTI by optimizing the nitridation process. However, the effect
of nitrogen was only experimentally observed, and thus more in-depth studies on the
underlying mechanism and the modeling of this nitrogen-worsen NBTI are quite

critical for us to fully understand the role of nitrogen in NBTIL.

103
O pure SiO,
A NO(L): Low conc. nitrogen
O NO(H): High conc. nitrogen
- 102 E
>
)
£
-~
< 101 L
T, =2.2nm (dry O, grown)

10° : :
100 100 100 105 104 105 10°

stress time (sec)

Figure 2.11: Vy, shift due to NBTI for pure and nitrided oxide. A large Vy, shift was

observed for nitrided oxide. After [34].
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2.3.6 Other Remarks

Besides the effects of hydrogen, boron, fluorine and nitrogen, NBTI might also be
largely affected by other materials or processes, such as the interconnect [112-115],
stress/strain [107, 116-119], plasma-induced oxide damage [120-122], high-k gate
dielectrics [91, 123-130], etc. Moreover, because only NBTI in p-MOSFETs was
observed to be quite significant for thin oxide and nitrided oxide, it seemed that holes
were required [64] for NBTI. Various physical or atomic models [36, 110, 131] have
qualitatively shown the role of holes in NBTI, although there is still no direct
evidence that clearly shows the role of holes in NBTI reaction. Besides, various
dependences of NBTI, such as the time-dependence, temperature-dependence and
stress voltage/field-dependence, can be commonly observed and these in turn require

certain theoretical treatment of NBTI so as to reveal the underlying NBTI mechanism.

2.4 NBTI Theories and Models

In this section, various NBTI models are reviewed, and they are mainly based on

the generation of NBTI-induced interface traps ANj; and oxide trapped charge AN.

2.4.1 Reaction-Diffusion/Drift Model

This reaction-diffusion/drift (R-D) model is mainly based on an electrochemical

reaction at the interface and a subsequent diffusion or drift process, and it is described
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as follows by Jeppson and Svensson [61]:

{interface defects} + hole <> {positive oxide charge} + {interface trap} + Xinterface

diffusion
Xinterface 4 Xbulk

where X represents the diffusion species. In this R-D model, it is assumed that the
interface contains a large number of defect precursors (i.e. Si-H bonds), which are
electrically inactive but would become electrically active upon BTI stress. In addition,
another assumption is that the oxide thickness is relatively large so that the effect of
poly-interface is not taken into account. A general power-law time-dependence of the
BTI-induced interface traps Nj; with an exponent factor of 1/4 can be obtained, if we
also assume that Nj; generation is far from saturation, the diffusion species is neutral

and the net reaction is diffusion-limited.

This R-D model was further generalized for both charged and neutral species by
Ogawa and Shiono [68] and then unified by Alam and Mahapatra [132, 133] to
become a comprehensive model for NBTI which includes five regimes of
time-dependent interface trap (Vi) generation, as shown in Fig. 2.12: Ny is initially
reaction-limited with a linear time-dependence and it is followed by a short
quasi-equilibrium phase with a constant N generation; in the third phase, when more
hydrogen-related species are generated and diffuse away from the interface, the
process becomes diffusion-limited and a general power-law time-dependence with an
exponent factor (n) of 1/4 is resulted for the neutral H species; in the fourth phase, the
poly-interface plays a role and it will affect the time-dependence of Ny; and finally, Nj
generation would saturate. The detailed NBTI mechanism and formulations of this

generalized R-D model for NBTI are discussed as follows.
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&
log(Vy)
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Figure 2.12: Five regimes of time dependent interface-trap generation as obtained
from the general solution of the reaction-diffusion equations during NBTI stress. After

[133].

When p-MOSEFETs are negatively-biased at the gate, holes in the inversion layer
interact with hydrogen-terminated trivalent Si defect precursors (Si3=Si-H) at the
interface. This interaction would lead to dissociation of Si-H bonds and thus cause the
generation of interface traps. Initially, N;; generation is limited by the dissociation of
Si-H bonds at the interface. Later, the diffusion of H-related species becomes the
limiting factor for N generation. Mathematically, this R-D model can be described by

the following two equations [68]:

dn,

TZkF(No_Nn)_kRNH(O)Nn (2.5)
dn,, d’N dN d’°N, , q ., dN

=D 1+ —2=p £+ 2L “ 2.6

d t H dx2 /uH é:ox dx H [ dxz kT é:ox dx ( )

where N, is the initial density of Si-H bonds at the interface, kr is the forward reaction

rate, kg is the reverse reaction rate, Ny is the concentration of H-related diffusing
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species (where Ny(0) corresponds to Ny concentration exactly at the interface), oy is
the electric field, Dy and uyy are the diffusion coefficient and effective mobility of the

diffusing H-related species, respectively, and they obey the Einstein’s relation:

My _ 4 2.7)

where ¢, k, T are the unit electronic charge, Boltzmann’s constant and the absolute
temperature, respectively. Besides, another useful relation is the conservation of the
hydrogen-related diffusing species as described by Eq. (2.8), which indicates that each

released hydrogen species would leave behind one interface trap.
x(t)
N, (1) =] Ny (x.t)de (2.8)

where x(¢) is the diffusing/drift front. For a positively-charged H-related species (H"),
the drift profile is approximated to be rectangular with a drift front of distance ( ,quox)

from the Si/SiO, interface, while for a neutral H-related species (H or H,), the

diffusion profile is approximated to be triangular for simplicity, and “tip” of the
diffusing front is expressed as /D, 7 . In addition, the conversion between H and H,
is governed by mass action, i.e. NH(O)2/ Nu(0) = Constant. Thereafter, N;; can be

obtained by solving Eqgs. (2.5-2.8) for various kinds of species H*, H and H,, and the

results are shown below in Eqgs. (2.9-2.11) [133, 134], respectively:

M= ()t ok 29)
R

kyNo

1
D1} for H 2.10
7%, (Dyt) (2.10)

Nir(t):
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%

N, (1) e | XelNo |7 (p, )6 for H, @.11)
2k,

Moreover, the saturation characteristics of NBTI, due to either the reflection at

the ploy-oxide boundary or the depletion of Si-H bonds, can be well-predicted by this

R-D model as well, and more details can be found in Ref. [134]. Besides, NBTI

recovery can also be modeled with this approach, as in Ref. [132].

2.4.2 Statistical Mechanics Model

The statistical mechanics model, proposed by Zafar et al. [127, 135, 136], is also
mainly based on the dissociation of Si-H bonds at the interface. Three key
assumptions are made here. Firstly, NBTT is a thermally-driven process, and it implies
that both bonded and interstitial hydrogen atoms are in thermal equilibrium. Secondly,
once the interstitial hydrogen Hi; is formed, it converts into proton H" under a negative
stress bias. Lastly, transport of H in the oxide is assumed to be dispersive, i.e., Dy =
DHo(vt)B'l, where ¢ is the time, Dyg is the diffusion constant, f is the dispersion
parameter with its value decreasing from 1 to 0 depending on the degree of dispersion
(f = 0 being most dispersive), and v is the characteristic frequency. Furthermore, it
also obeys the general diffusion/drift law, i.e., Eq. (2.6). Because of H" as drift species,

the first term on the right-hand side of Eq. (2.6) can be eliminated and it yields:

dN., qé
it H+ ox D 2.12
dt k" (12

Based on statistical mechanics, the density of interstitial hydrogen H; in thermal

equilibrium can be expressed as [136, 137]:
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N, -F
H =N_|—-1|ex H 2.13
1 mt(Nit j p( kT j ( )

where Ny, is the total density of interstitial sites at the interface, N is the total density

of Si-H bonds at the interface and Ey is the average energy required to break a Si-H

bond into H;. Since H; ~ H', Eq. (2.13) can be substituted into Eq. (2.12) and it yields:

dn, N qé -1 (—E j
=N | L1 |22=2D (vt) ex H 2.14
dt int [N j kT HO ( ) p kT ( )

Eq. (2.14) can be integrated and it gives:

N B
N —N,IJn—2—=-R(vt 2.15
e =R (v) @15

it

0 it

where R :%%Nim exp[_EHj
14

When the time ¢ is short, Eq. (2.15) gives:
N, (t)=R(vt)’ (2.16)

When the time ¢ is long, by assuming Ny<< Ny, Eq. (2.15) becomes a stretched

exponential function of time ¢ and N;; can be obtained:

N, (1)=N, {l—exp {_R](V—W)ﬁﬂ =N, {1—exp {—Gjﬁ}} 2.17)

-1
. e . 4| N, D -E /s
where 1 is the saturation time, given by v~ | —n—1 o exp( 5 j
N,BVkT kT
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2.4.3 Disorder-Controlled-Kinetics Model

The disorder-controlled-kinetic model for NBTI is proposed by Kaczer et al
[138-140]. The model extends the classical R-D model by assuming dispersive
particle kinetics in the gate oxide. This disorder modifies the properties of hydrogen
transport towards and from the Si/SiO, interface and it in turn influences the
properties of the entire NBTI process. In this model, disorder is assumed to arise from
the energy distribution g(E) of the deep-localized hydrogen states in the oxide bulk,
which results in a wide distribution of hydrogen hopping time. Therefore, diffusion in
the R-D model, i.e., Eq. (2.6), is replaced by Eq. (2.18), which describes dispersive

diffusion of hydrogen in the amorphous dielectric [141, 142]:

=0 (2.18)

where the function 1(t) is determined by Eq. (2.19):

r(t)=—{ [ g(E)dE} (2.19)

kTIn(vt)

where Nc is the density of the shallow hydrogen hopping sites and v is the
attempt-to-jump frequency of hydrogen. Furthermore, for an exponential hydrogen

density-of-state (DOS) distribution, g(E) is given by Eq. (2.20):

g(E)= —Texp(——J (2.20)
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where Nris the total density of the localized states and Ej is the characteristic width of
the DOS distribution. By substituting Eq. (2.20) into Eq. (2.19), the function 1(t)

becomes an algebraic function of time ¢, as shown in Eq. (2.21):

(1) :V“%(w)ﬁ (2.21)

B="— (2.22)

However, the dispersive transport regime is possible if and only if Ep is much
larger than k7, i.e., f<1. When B is approaching 1, the dispersive characteristic of
hydrogen transport is near its thermal equilibrium. On the other hand, Eq. (2.18) can

be readily solved with the boundary condition (Nu(x, f) ~ 0 at x ~ o), and it yields:
N, (x.t)=N,, (0.t)exp| ———— (2.23)
D,7(t)
By substituting Eq. (2.23) into (2.8), a relation between N; and Nyx(0, ) at the

interface can be obtained:

N, (t)= N, (0,1)y/D,7 () (2.24)

1

Similarly, with Eq. (2.24), the reaction equation (or the generation-recombination
equation) Eq. (2.5) can be solved in the diffusion-limited regime, based on similar
assumptions, and N can be shown to have a similar power-law time-dependence but

the power-law exponent factor is /4, as shown in Eq. (2.25):
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N, (1) = ("—Nj (&&T (vi) (2.25)

ke v N,

The disorder-controlled kinetic model can also be extended to describe NBTI

recovery and it has the asymptotic form, as shown in Eq. (2.26) [139]:

N, (0) (2.26)

where C = t/tyess 1S the dimensionless recovery time and Ny(0) is the interface trap
density at the beginning of NBTI recovery. The solution behaves logarithmically over
several decades when { = 1, while it is approximately a power-law for small and large
€. A generalized disorder-controlled-kinetics model was recently summarized and

more details could be found in Ref. [143].

2.4.4 Reaction-Limited Model

Huard et al. [144-146] proposed a reaction-limited model for the generation of
interface traps, which was also mainly based on the dissociation of Si-H bonds at the

interface. The process is described by a first-order reaction with the reaction rate R:

R(1,7)=1-exp(- /) 2.27)

where 1 is the time constant of the reaction. When time is shorter than the time
constant, i.e., ¢ < t, the reaction rate exhibits a linear relationship with time at a
constant defect generation rate of 1/t. Indeed, t is supposed to be directly related to

the dissociation energy of the Si-H bond (E4), which is defined here as the energy that
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is required to break the bond or the migration barrier that the H atom has to pass over

in order for it to be released.

The dissociation energy E4 is not constant but is expected to have a statistical
distribution continuum of the dissociation energies [147, 148]. It can be described by

a broadened Fermi derivative distribution g(E4, o) due to disorder-induced variations:

E —FE
exp( dm d )
o

g(E,0)=— (2.28)

2
(o2 _
[1 +exp (Ed"’ E, ﬂ
(o2

where Egp, is the median dissociation energy and o is the spread of the distribution

with an experimental value of about 0.1eV.

In this approach, according to first-order reaction, every single Si-H bond could
be broken, but each of them has a specific time constant depending on its own
dissociation energy. As a result, bonds with lower E4 would be broken relatively fast,
while those bonds with higher E4 would dissociate more slowly. The overall
degradation rate is a combination of all single bond dissociation rates as governed by
the equation for first-order reaction, which has been analytically derived by Haggag et

al. in their work [149], and it results in an expression for N generation:

2, (1)=[ 2(E,,0)R(t,7(E,))dE, = (2.29)

N -a
irmax 1+ (tj
T

where 1 = 19exp(Eq(Eox)/kT) and o = kT/c for tmin< f < 1, T is the bond temperature and

Tmin 18 the time constant of the weakest defect.
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The evolution of N; generation with respect to stress time, as described by Eq.
(2.29), is shown in Fig. 2.13. For very short time (t < Tyin), the degradation is linear,
with a slope that is directly linked to the defect generation rate of the weakest bond(s).
For longer stress time, more bonds participate in the degradation reaction, and it
yields a power-law time-dependence. This is followed by saturation when fewer

bonds are left to dissociate.

log(Vy)

L 4

log()

Figure 2.13: Evolution of theoretical degradation rate (filled symbols) with respect to
stress time, with a disorder-induced variation of dissociation energies for a given

temperature, as defined by Eq. (2. 29). After [145].

Beside interface traps, Huard et al. also emphasized a second possible component
for NBTI degradation - the oxide traps (No). Not generation is largely attributed to
hole-trapping in the oxide, which acts as the recoverable part [146, 150], and NBTI
recovery is believed to be mainly due to hole de-trapping [151-153]. In next a few

sections, the models for oxide traps and NBTI recovery are briefly reviewed.
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2.4.5 Hole-Trapping Model

Yang et al. [80, 154, 155] investigated the dynamic NBTI systematically and
distinguished two different components for NBTI degradation — the slow component
that is largely attributed to interface traps NVj; generation and passivation, and the fast
component that is mainly due to trapping and de-trapping of hole traps N in the gate
oxide. The fast component can be modeled by Egs. (2.30-2.31), as shown below,
which describe the trapping and de-trapping of pre-existing hole traps N, in the gate

oxide [156]:

dp 1 1

W _ LN ) 2.30
” TC( w—D) e (2.30)
d—p:—ip (2.31)
dt Tiy

where p is the hole concentration, Ny is the trap concentration, and tc and 15 are the

trapping and de-trapping time constant, respectively.

Based on this hole-trapping model, with well-designed frequency-dependent
dynamic NBTI experiments by using fast /3-V, measurements [157, 158] at both rising
and falling edges, the spectrum of the trap concentration PDF (probability density
function) over the trapping and de-trapping time constants tc and tg deployed in Egs.
(2.30-31) can be shown and the continuous distribution of PDF can be used to explain
the power-law time-dependence of NBTI. More details on the physical origins of

these slow and fast components for NBTT can be found in Ref. [159].
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2.4.6 Deep-Level Hole-Trapping Model

Ang and Pey [160] provided clear evidence for two distinct components of
positive oxide traps under NBTI stress. The slow component is commonly associated
with interface trap generation and it can be fully recovered under pulsed gate
condition regardless of the stress voltage. On the other hand, the fast component can
only be partially recovered and it might be linked to the rapid hole trapping at the
interface. As a result, two distinct mechanisms for NBTI degradation were observed
from temperature dependence of NBTI for nitrided oxide, and the new mechanism
could be closely related to the spontaneous trapping of the positive oxide traps at
nitrogen-related precursor sites near the interface [161]. NBTI partial recovery
phenomenon was well explained by a deep-level hole-trapping (DLHT) model, and
with the model, some fraction of the oxide traps were believed to be pinned by the
interface conduction-band offset and remained there even if a positive voltage was
applied during recovery phase [122, 162]. A consistent deep-level hole-trapping

model for NBTI was recently summarized by Ang et al. in Ref. [163].

2.4.7 Models for NBTI Recovery

As discussed in previous sections, NBTI recovery was reported and explained
within the frameworks of reaction-diffusion model [132], disorder-controlled-kinetics
model [139], hole-trapping model [80, 154, 155] and deep-level hole-trapping model
[161, 162, 164-166], and it was also widely observed by other researchers [40, 77, 79,
152, 167-170]. NBTI recovery could be closely associated with re-passivation of

interface traps and hole de-trapping of oxide traps. Indeed, in the real application, the
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devices are operating under AC condition, which corresponds to a stress phase
followed by a spontaneous recovery phase. Therefore, measurement for static NBTI
would largely overestimate the degradation and thus underestimate the device
lifetime. The universal NBTI recovery phenomenon brings another great challenge for
NBTI characterization techniques, and the measurement time has to be minimized so

as to suppress the unfavorable recovery effect during NBTI characterization.

2.5 NBTI Characterization Techniques

In this section, some conventional NBTI characterization techniques to measure
threshold voltage shift AVy, and interface trap generation AN;; are introduced first, and

it is followed by a brief review on various fast NBTI characterization techniques.

2.5.1 Threshold Voltage Measurement

There are two conventional methods to measure the threshold voltage Vi, namely,

the constant current method and maximum G, (trans-conductance) method.

a. Constant current method

The constant current method is quite straightforward and thus widely employed
in industry. It requires only one single /3-V, measurement. Vy, is defined as the gate
voltage corresponding to a user-specified constant current I, and I is normalized
by the channel width-to-length (W/L) ratio. The main drawback of this method is that

the measured Vy, is lack of physical meaning since /s is chosen arbitrarily. However,
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it offers a relatively accurate comparison when device reliability is concerned.

b. maximum G,, method

The maximum Gy, method is most commonly used by researchers to extract Vi,.
The method is based on the linear-region drain-current equation at a small drain bias,
referring to Eq. (2.3) in section 2.3.1, and V4, is the value linearly extrapolated to the

gate-voltage axis from the maximum Gy, point of the 14-V, curve.

2.5.2 Interface Trap Generation Measurement

There are several techniques to measure interface trap generation Ny, such as the
gate-controlled-diode (GCD) method, charge pumping (CP) method and direct current

current-voltage (DCIV) method.

a. Gate-Controlled-Diode (GCD) method

MOSFETs with the source/drain floating or with the source connected to drain
can be considered a typical Gate-Controlled-Diode (GCD) structure [171]. For such a
structure, with the drain and substrate reverse-biased, when the gate voltage is swept
from the accumulation to inversion, depending on the applied gate voltage, the drain
current may consist of one or more of the following three components: the current that
is generated within the depletion region of the metallurgical junction, the current that
is generated within the depletion region of the field-induced junction, and the current
that corresponds to surface generation via interface traps. The former two
junction-reverse currents are mainly due to Shockley-Read-Hall (SRH) generation via

the generation-recombination (G-R) centers in the depletion regions of the
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metallurgical or field-induced junctions or at the SiO,/Si interface. However, when
the MOS device is subjected to an electrical stress, interface trap generation or charge
trapping in the gate oxide could alter the characteristics of the GCD. By measuring the
reverse drain current under the accumulation, depletion and inversion conditions with
the GCD setup for a fresh and stressed device, stress-induced interface trap generation
can be obtained accordingly. However, for an ultra-thin gate oxide, this method might

not be applicable because of high leakage current.

b. Charge Pumping (CP) method

The charge pumping technique, first proposed by Brugler and Jespers in 1969
[172], is widely used to extract interface trap generation Nj due to its convenience and
good detection limit[173-176]. With source/drain grounded or reverse-biased, the
MOS device is applied with a periodic triangular, sinusoidal, bi-level (square,
trapezoidal) or tri-level gate voltage, where in real application a square-pulse-wave at
high frequency is commonly used, and the gate pulse top and base are well selected
such that it corresponds to a full cycle from the accumulation to strong inversion. Due
to the asymmetry of capture and emission processes during gate pulse cycling, at
inversion, the interface traps are mostly filled by the capture of channel minority
carriers, while at accumulation, they are emptied by the capture of majority carriers
that are supplied by the substrate. As a result, there is a net DC recombination current
Icp at the substrate terminal over one period, and the charge pumping current Icp has a
linear relationship with the gate area, Nj and pulse frequency. This CP technique can
be applied to a small geometry by increasing the pulse frequency and several modes
of bi-level charge pumping measurement can be used. Moreover, we can also vary the

gate pulse swing with a fixed base gate voltage, or sweep the base gate voltage from
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accumulation to inversion with a fixed gate pulse swing, or experiment with the rise
time and the fall time, to optimize this CP technique [173]. The spatial profile of

interface trapped charges can also be obtained by this technique [177, 178].

c¢. Direct-Current Current Voltage (DCIV) method

The Direct-Current Current-Voltage (DCIV) method is also quite accurate for
measuring the interface trap density. It was first demonstrated by Neugroschel et al.
by using a novel BIMOST (BJT-MOST transistor) [179-181]. In this method, the
gate-controlled parasitic bipolar junction transistor structure in a MOSFET is used to
monitor the change of oxide trapped charges and interface trap density. The method
measures the dc base (i.e. well) and collector (i.e. substrate) currents versus the gate
voltage, which is thus known as DCIV method. The source and drain are connected
together and forward biased, and the gate voltage is applied and swept accordingly to
change the Si surface from inversion to accumulation. At the same time, the substrate
current /g is monitored. When the Si surface changes from inversion to accumulation,
carrier recombination via interface traps occurs, and a peak substrate current /g is

resulted when the electron-hole recombination rate reaches its maximum.

2.5.3 Fast Characterization Techniques

To minimize unwanted NBTI recovery during measurement, various fast
characterization techniques are proposed, such as the single-point drain-current
measurement, on-the-fly (OTF) measurement, pulsed 13-V, measurement, ultra-fast
switching (UFS) measurement and OTF interface trap measurement. Here only a brief

review is given for each measurement method. The detailed setup and procedures can
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be found from the reference given at the beginning of each section.

a. Single-point drain-current measurement

This single-point drain-current method [182] is quite simple and straightforward.
It measures a single drain current /; and then uses the drain current degradation Al to
extract the threshold voltage shift AVy, with certain correlation based on derivation of

the drain current equation. More details are to be illustrated in Chapter 3.

b. On-the-fly (OTF) measurement

This method was first proposed by Rangan et al. [40] by measuring the linear
drain current /4, with constant V4 = 50 mV. Then based on the measured linear drain
shift Algqi,, by differentiating the linear drain current equation i.e. Eq. (2.3) with
respect to Vi, the threshold voltage shift AVy, can be extracted according to Eq. (2.32)
with the assumption that mobility degradation is negligible at the stress voltage that is

much higher than Vy, [152]:

- (2.32)

where Iqiino 1S Laiin at time = 0 s and Vi is the threshold voltage of the fresh device.

The OTF measurement was later modified by Denais ef al. [183-186] with a small
bipolar pulse superimposed on the DC gate stress voltage. Correspondingly, the
constant small V4 = 50 mV is changed to a pulse that is synchronized with the bipolar
pulse at gate when each measurement is taken. Oscillation of the drain current in
response to the bipolar pulse is used to calculate the evolution of trans-conductance,

and hence the effect of mobility degradation in Eq. (2.32) can be included. However,
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this OTF technique has a “time-zero” issue. The first data point after the initiation of
stress requires a certain amount of time that varies from instrument to instrument. As a

result, the initial data points might be contaminated by the “time-zero” lqy, value.

c. Pulsed 13-V, measurement

The pulsed 14-V, measurement was first developed by Kerber et al. [157]. The
pulse is generated to bias or stress the device under test, and the oscilloscope is used
to monitor the drain current. I-V characteristics at the pulse rising and falling edges
are used to reconstruct the 13-V, curves of the device and thus the threshold voltage
shift AVy, can be extracted. Shen et al. [158] modified this technique by using the

operational amplifier, which further reduced measurement time to 1us or lower.

d. Ultra-fast switching (UFS) measurement

The UFS measurement was recently developed by Du et al. [187]. It combines
the advantages of the single-point drain-current measurement and pulsed OTF
measurement. The measurement time is largely reduced and can be well-controlled as
well, and there is no “time-zero” issue since the linear drain current is measured at a
lower gate voltage. However, this technique might require a similar correlation as
shown in Eq. (2.32) to extract the threshold voltage shift AVy,. Moreover, the UFS
technique could be improved by taking into account the effect of source/drain series

resistance and vertical-field-induced mobility reduction [188].

e. OTF interface trap measurement

Recently, an OTF interface trap measurement was proposed by Liu ef al. [189]. It

simply combines the pulsed OTF measurement and CP measurement to monitor
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interface trap generation during the NBTI stress and recovery phases. In the stress
phase, the gate stress voltage is always on, and during /., measurement, the CP pulses
are applied. The pulse rising and falling rates are the same for the stress and recovery
phases. As compared with the conventional CP method, the OTF interface trap

method could reduce the interruption time by a factor of 107 to 107,

2.6 Summary

In summary, NBTI in p-MOSFETs is briefly reviewed. Firstly, some fabrication
techniques for nitrided oxide are introduced, and it is followed by the basic theory on
the Si-SiO; interface. The history of NBTI is presented with some early studies on this
topic, and NBTI in p-MOSFETs is emphasized for the modern MOS device. The
dependences of NBTI on various process conditions are discussed, among which the
nitrogen-worsen NBTI will be further studied. Theory on NBTI, in particular, the
existing physical models for NBTI and NBTI recovery, in terms of interface trap
generation/re-passivation, positive oxide trap and hole trapping/de-trapping, are
reviewed thoroughly. Among all these models, the reaction-diffusion model will be
further investigated in our work. Lastly, a summary of various conventional and fast
characterization techniques for measuring threshold voltage and interface traps is

given.
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CHAPTER 3 CHARACTERIZATION OF NBTI AND

NBTI RECOVERY

Negative bias temperature instability (NBTI) in p-MOSFETs is significantly
underestimated by using conventional characterization techniques due to severe NBTI
recovery during measurement. In this chapter, a simple characterization method based
on single-point measurement of saturation drain current is first proposed to minimize
the unwanted NBTI recovery during measurement. Since NBTI degradation in
p-MOSFETs has become one of the most critical device reliability issues for
sub-90nm technology node, an NBTI in-line test methodology is developed to
monitor NBTI degradation during the development phase, aiming for process
comparison and optimization. Moreover, NBTI recovery is studied and a combined
empirical model is proposed to describe NBTI recovery within a modulated
measurement time frame. The effect of measurement time delay on NBTI is also

examined.

3.1 Introduction

NBTI is a degradation mechanism mainly caused by the breaking of
hydrogen-terminated silicon bond (Si-H) at the interface when the device is stressed
with a negative gate bias at an elevated temperature for a considerable time period
[64]. It could lead to a significant increase in the magnitude of threshold voltage (Vi)

and decrease in saturation drain current (I4s,). In spite of intensive studies in recent

53



ATTENTION: The Singapore Copyright Act s o the use of this document. Nanyang Technological Unive

®

appl ity Library

Chapter 3 Characterization of NBTI and NBTI Recovery

years, physical and chemical characteristics of NBTI are still not fully understood,
and reliable and accurate characterization of NBTI is complicated by the lack of a
standard measurement procedure. Ershov et al. have reported that NBTI recovery is
quite significant upon removal of the stress voltage [39]. It is also found that the
relaxation duration after stress interruption would affect the apparent device lifetime
quite significantly [190]. NBTI degradation is commonly measured or characterized
by some conventional techniques such as threshold voltage (AVy) measurement,
direct-current current-voltage (DCIV) measurement [179-181], charge pumping (CP)
measurement [172-176], mid-gap voltage (A Vyg) measurement [109, 110, 191, 192],
etc. With all these measurements, data collection time is sufficiently long such that
NBTI recovery during measurement is quite significant. In this case, NBTI
degradation is largely underestimated, which in turn leads to a false picture of NBTI
degradation. In order to obtain a more realistic picture of NBTI, measurement-induced

NBTI recovery needs to be minimized.

In this chapter, instead of measuring threshold voltage shift (AVy) based on
typical I-V transfer characteristics (denoted as “conventional method”), single-point
saturation drain current (/4s,) is directly measured to reduce the measurement time.
With this method, NBTI recovery during measurement is minimized and thus a more
realistic AV}, is obtained. An NBTT in-line test methodology is proposed for sub-90nm
technology nodes to monitor NBTI degradation in devices during the development
phase, aiming for process comparison, optimization and qualification. Three different
characterization methods are proposed here, among which the right choice of the most
appropriate method mainly depends on customer requirements, test conventions and
NBTI specifications. Lastly, NBTI recovery and the effect of measurement time delay

on NBTI are studied.
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3.2 Single-Point Saturation Drain Current Measurement

In this section, a simple and straightforward characterization method based on
single-point measurement of saturation drain current (/ys,) is proposed to minimize
the unwanted NBTI recovery during measurement [182]. This method is accurate as is
proven by a carefully-designed experiment. With this method, the measurement time
is reduced to tens of milliseconds. This method gives a closer-to-real threshold
voltage shift and thus yields a more reliable power-law factor. Obviously, accurate
information of these parameters is critical for the understanding of underlying NBTI

mechanism and hence depicts a more realistic NBTI picture.

3.2.1 BTl Issues in MOS Devices

The device used here was fabricated by a commercial 0.13 um CMOS process.
The equivalent gate oxide thickness (EOT) is about 27.3 A. The channel length and
width are 0.13 um and 10 pum, respectively. The nominal operating voltage (Vyq) is
-1.5 V. The gate stress voltage (V) is -3.0 V for NBTI and 3.0 V for PBTI, and the
stress temperature (7y) is 125 °C. The threshold voltage shift (AVy,) is measured with
conventional /-V sweep method. In this work, unless otherwise mentioned, all the
electrical parameters to represent BTI degradation in MOSFETSs, such as threshold
voltage shift (AVy,), degradation in linear or saturation drain current (Alg, or Algsa),
degradation in mobility (Au), etc., are expressed by absolute values, i.e., in magnitude.
More specifically, for NBTI in p-MOSFETs, AVy, means the increase in [Vyl, while

Algiin, Algse and Ay indicate the decrease in Uginl, gl and luegl, respectively.
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Figure 3.1: Comparison of BTI degradation in either n-MOSFETs or p-MOSFETSs, in
terms of threshold voltage shift (AVy) as a function of the stress time. The gate stress
voltage (Vo) is -3.0 V for NBTI and 3.0 V for PBTI, and the stress temperature (T;)

is 125 °C.

Figure 3.1 shows the comparison of bias temperature instability (BTI) (i.e., both
NBTI and PBTI) in either n-MOSFETs or p-MOSFETs and it clearly shows that AV},
is the largest for NBTI in p-MOSFETs. In other words, among the four possible BTI
issues, NBTI in p-MOSFETs is the most critical one. The reasons are explained as
follows. BTI degradation is believed to be mainly involving of holes, which interact
with Si-H bonds at the interface and cause device degradation. As a result, PBTI,
which mainly induces electrons, is expected to be less severe than NBTI in both
p-MOSFETs and n-MOSFETs. Moreover, under NBTI stress, donor-like interface
state is generated, and it acts as a charged state in p-MOSFETs during device
operation, which causes device degradation. However, NBTI-induced donor-like
interface state is neutral in n-MOSFETs during device operation and hence it yields

less or no degradation. In fact, holes are inversion carriers in p-MOSFETs during
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device operation, while holes only present as accumulation carriers in n~-MOSFETs,
which rarely occurs during circuit operation. Therefore, NBTI in p-MOSFETs, rather
than NBTI in n-MOSFETs, will become a real problem during actual circuit operation.
As a result, in real application of integrated circuits (IC), NBTI in p-MOSFETs would
degrade the circuit most, and thus cause IC malfunction or even failure under certain

unfavorable circumstances for a period of time.

3.2.2 NBTI Recovery during Measurement

Moreover, NBTI recovery occurs immediately after the NBTI stress is relaxed,
which could be either due to a measurement interruption or purposely for a designed

characterization of dynamic NBTL
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Figure 3.2: AVy, recovery as a function of the post-NBTI relaxation time (ty..). The
NBTI stress is carried out at Vg = -3.0 V and Ty, = 125 °C for 1000 seconds, and

NBTI recovery occurs at Ve = 0 V.
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Figure 3.2 shows NBTI recovery as a function of post-NBTI relaxation time,

where AVy, recovery is defined as:

AV, Recovery = m(ZCV () ())th( o)
th trec =

x100% (3.1)

where f. is the duration of post-NBTI relaxation time. As shown in Fig. 3. 2, for only
one second of stress relaxation, as much as 18% of threshold voltage degradation
(AVy) is recovered, and for a longer time of stress relaxation, more than 40% recovery
in AVy, is observed. Obviously, ignoring NBTI recovery during NBTI measurement

would lead to a much distorted picture of NBTI degradation.

3.2.3 Single-Point Drain Current Method

One straightforward solution for this issue is to minimize the measurement time
(tm) while sufficient information of NBTI degradation can still be obtained. Therefore,
a simple and fast method is proposed here to measure a single-point saturation drain
current (lyso) directly such that the measurement time can be reduced to tens of
milliseconds, which is intrinsically limited by the measurement tool being used. The
average total measurement duration of our proposed method including transient stages,
measurement and data collection, is monitored to be less than one second, but each
measurement of conventional I4-V; or I3-Vy curve (denoted as “conventional method™)
will take at least 6 seconds. As a result, to monitor both Vi, and I4,: by using the
conventional method, the total measurement time would be about 15 seconds, which

is highly undesirable.

58



ATTENTION: The Singapore Copyright A ) the use of this «

cument. Nanyang Techno

cal University Library

Chapter 3 Characterization of NBTI and NBTI Recovery

-1.4 { NBTI Condition: V,, =-3V @ T, =125°C
Measurement Condition : V=V, =0V, Vg= V=1V
-1.2 1
2 fresh
g -1.0 after NBTI for 1000s
~ JUPURUROR S s s e a i
-~ ‘
~° 0.8 -0 7 2-
(d
Id ~ (1-0.33Vd) 05 4
-0.6
in saturation region 0.0
0.4 0.0 -0.5 -1.0
-0.7 -0.8 -0.9 -1.0
Vi (V)

Figure 3.3: Dependence of saturation drain current (1;) on drain voltage (V) for both
Jfresh and stressed devices. The drain current (1) is found to be proportional to (1 —

0.33V,) for both devices, showing that A (=0.33) is independent of NBTI stress.

Figure 3.3 shows typical I3-V4 curves for both fresh and NBTI-stressed devices. A
reduction in saturation drain current (/4s,) can be clearly observed. Since only /4y is
monitored in our method, it is important to establish a reliable relationship between
Alysae and AVy,. With short-channel effect taken into account, saturation drain current

(14sar) can be mathematically expressed as [32, 193]:

u,, C W
Ly =—@72—L‘”‘(vg V) (14V,) , Va2 Ve = Vi~ Vin (3.2)
where W is channel width, L is channel length, u.z is effective hole mobility, Coy is
gate dielectric capacitance, V, is gate voltage, Vj is drain voltage, 4 is channel-length
modulation parameter, and @ is a scattering parameter within a range of 1< 6 < 2. For

an ideal case of a long channel device, 8 is equal to 2, while for a short channel device,

0 is smaller than 2.
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Figure 3.4: (a) The saturation drain current (1;) versus (V,-Vy) for both fresh and
stressed devices. A linear regression of the experimental data of log|ly versus
log|V4-Vi| yields the value of 8 and 8 (=1.5) is found to be independent of NBTI stress.
(b) Hole mobility (u) versus V, for both fresh and stressed devices. Relative mobility

degradation (Au/u) in % at different Vg is also shown.
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By neglecting relatively small mobility degradation at relatively high field [32],
which is true for the case of Iy, measurement at relatively large gate voltage of about
Vad, and by differentiating Eq. (3.2) on both sides and rearranging, we can obtain the
relationship between Alyg, and AVy,, as shown in Eq. (3.3):

Al (_AVzh )

dsat — 0 (3 .3)
Idsat (Vg - ‘/th )

Therefore, once Alys, is measured in the saturation region, NBTI degradation AVy,
can be easily calculated by using Eq. (3.3). In other words, the magnitude of

NBTI-induced Al4s,: can be used directly to determine NBTI-induced AV,

Before applying the above approach to investigate NBTI degradation, it is
necessary to understand the independence of parameters A and 6, and to determine the
6 value as well. Eq. (3.2) predicts that Iy, is proportional to (1 + AV,), and this is
confirmed by linear fitting of the experimental data of I4s, versus Vg as shown in Fig.
3.3. The slope yields the value of 4. For the fresh and NBTI-stressed devices, both 4
values obtained are about 0.33, indicating that A is independent of NBTI. On the other
hand, as shown in Fig. 3.4(a), log|l4s.| is found to be a well-fit linear function of
log|V, - V| for Vg - Vi > 0.1V, and a linear fitting of the experimental results yields
the value of 6. The € values obtained are about 1.5 for both fresh and NBTI-stressed

devices, indicating that € is also independent of NBTI degradation.

Regarding the assumption of neglecting mobility degradation during the
derivation of Eq. (3.3), according to Krishnan et al. in their work [32], mobility
degradation is observed to be smaller at higher field, and in Fig. 3.4(b), instead of

plotting mobility versus electrical field, we plotted hole mobility and relative mobility
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degradation (Au/u) as a function of V; since Iy, is measured under same gate bias of
-1.0 V rather than under same electrical field. As can be seen in Fig. 3.4(b), relative
mobility degradation is quite significant at small |V,| and decreases as |Vl increases;
moreover, relative mobility degradation is quite small when V, is equal or smaller
than -0.8 V. Indeed, Iy, measurement used here is carried out at V, of -1.0 V.
Therefore, the assumption of neglecting mobility degradation in the derivation of Eq.

(3.3) is validated, and Eq. (3.3) can be used to determine AVy, based on the measured

Algges at Vg of -1.0 V.

Before further investigation on Eq. (3.3), the choice of V, =-1.0 V is also briefly
discussed as follows. There are two main reasons to set V, = -1.0 V. Firstly, it is found
from the experiments that about 0.3% of Iy, degradation is induced by V, = -1.5 V
after 1 second at 125°C. In other words, with Vy = -1.5 V, a degraded Iy, reference is
obtained from the first measurement of Iy, for the fresh device, which is highly
undesirable. However, with Vg = -1.0 V, there is no obvious Iy, difference observed
after 1 second or longer time at 125°C. Secondly, magnitude of V, cannot be too low
either, because a low V, induces significant mobility degradation, as shown in Fig.

3.4(b), or may also cause possible severe NBTI recovery during measurement.

Moreover, an experiment has been carefully designed to verify the accuracy of
AVy as determined by Eq. (3.3). A set of identical fresh devices are used. The
threshold voltage of these devices randomly varies in a very small range (~20 mV).
The threshold voltage variation is used to simulate NBTI-induced AVy,. Both Vi, and
lysae Of the devices are measured. The device with the smallest magnitude of Vy, is
taken as the reference, and thus there is a difference in Vi, and Iy (i.e., AVy, and Alygg,

respectively) between the reference device and other devices. Note that AVy, here is
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denoted as “measured AVy,” as it is directly obtained from measurement. On the other
hand, for a given Alyy, its corresponding AVy, is calculated by using Eq. (3.3). The
correctness and accuracy of Eq. (3.3) can be demonstrated by the comparison between
“measured AVy,” and “calculated AVy,”. As can be seen in Fig. 3.5, the plot clearly
shows that the “calculated AVy,” is proportional to the “measured AVy,” with a slope

of about 1.0.

In other words, from Fig. 3.5, it is also indirectly verified that there is no
significant change in hole mobility at V, = -1.0 V, otherwise Eq. (3.3) is not correct
and thus AVy, calculated with Eq. (3.3) would not be equal to the measured AVy,. This
agrees well with previous result that hole mobility is not much degraded at relatively
high V, of -1.0 V. Therefore, we could conclude that AVy, determined by using Eq.

(3.3) is reliable and accurate.
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Figure 3.5: Comparison between the AVy, calculated with Eq. (3.3) and the AVy,
measured with the conventional method for a set of fresh (i.e., without any NBTI stress)

devices whose threshold voltage randomly varies within a small range (20 mV).
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Once the value of 6 is obtained with the procedure described above, Eq. (3.3) can
be used to extract the NBTI-induced AVy, based on the measurement of NBTI-induced
Algsy. For example, Figure 3.6 shows calculated AVy, as a function of NBTI stress
time, where AVy, is obtained with this proposed method. For comparison purpose,
AVy, obtained by the conventional method is also included in the figure. As can be
clearly seen in Fig. 3.6, AV}, obtained with our proposed method is significantly larger
than that with the conventional method. The difference in AVy, between these two
methods is purely due to NBTI recovery during measurement. Since the measurement
duration of conventional method is much longer than that of our method, AVy
recovery of the former is expected to be much more significant than that of the latter.
As a result, AVy, obtained with the conventional method is significantly smaller than

that with our proposed method.

Therefore, it is confirmed that NBTI degradation is largely underestimated with
the conventional method, while our proposed method yields a AVy, much closer to its
real value. AVy, obtained from both methods exhibits a power-law dependence on the
NBTI stress time (¢), namely |[AVy| = Af', where A and n are two parameters
independent of stress time. While the n factor from the conventional method is 0.23,
the n factor from our method is about 0.18. The n factor has been used to explain the
NBTI mechanism [68, 109]. In particular, n = 1/4 has been used to argue that NBTT is
due to diffusion-limited electrochemical reactions that involves the neutral hydrogen
diffusing species [109]. Therefore, the result here raises a serious concern that a
possible distorted picture of NBTI may have been frequently presented in the
literature. For examples, n has been reported to be 1/4 [36, 71], 1/5 [63], or other
values [194-196]. Obviously, NBTI recovery during measurement could also be used

to explain the discrepancy in the n factor. For our proposed method, it yields a
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closer-to-real NBTI-induced AVy, and hence it can be used to re-examine the true
behaviors of NBTI degradation. However, it has to be pointed out that our proposed
method cannot totally eliminate the recovery, since it still takes tens of millisecond
with which the recovery could still be considerable. Moreover, it is also reported that
that AVy, may increase with sensing V, [197], and thus the enhanced AV}, in Fig. 3.6

by our proposed method could partially contribute to higher sensing V, of -1.0 V.
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Figure 3.6: Comparison of NBTI-induced AV, between the conventional method and

our proposed method.

3.3 NBTI In-line Test Methodology

As the gate oxide thickness continues to shrink down to less than 20A for
sub-90nm low-power devices or even as thin as 11A for high-performance devices,
NBTI in p-MOSFETs has indeed become most critical for further device scaling and

future technology development. Typically, for advanced CMOS technology nodes,
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various new process technologies or novel techniques are developed to boost device
performance, and some of them, if qualified, are to be incorporated into the baseline
process for mass production. Therefore, to evaluate a new process, a quick NBTI
in-line test becomes quite necessary and useful, with which we can examine the
impact of new process technologies on NBTI during the development phase rather
than wait until the device is done but found to fail in the NBTI off-line qualification
test in the worst case scenario. Moreover, if well benchmarked, NBTI in-line test can
become an alternative tool for process qualification and the NBTI results from the

in-line test can also be used for the purpose of process optimization as well.

3.3.1 NBTI Model for Process Qualification and NBTI Specifications

Before the introduction of NBTI in-line test methodology, the most
commonly-used empirical NBTI model in industry for process qualification is

presented here, as shown in Eq. (3.4):

AV, = A, exp(_E%T)(vg/j r, 3.4

where AVy, is the threshold voltage shift, E, is the activation energy, o is the gate
oxide thickness, V, is the gate voltage, t.q is the equivalent DC stress time, T is the
junction temperature, k is Boltzmann’s constant, Ay is a constant, and m is the stress
acceleration factor and n is the power-law factor. The values of A, m and n can be
obtained experimentally. In certain circumstances, instead of using the power-law
dependence of the gate voltage over the oxide thickness, i.e. the term (V,/fox)" in Eq.

(3.4), an exponential-law dependence of E, i.e. exp(Es), might be used, where E is
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the electric field across the gate oxide.

In semiconductor manufacturing, device specifications, such as threshold voltage,
drive current, leakage current, sheet resistance, time delay, etc., must be set first,
either by the customer or by the manufacturer aiming for a competitive edge in the
market. This also applies to NBTI qualification, since NBTI has become one of the

most critical reliability issues for sub-90nm technology nodes.

In practice, the most commonly-used criteria for device failure due to NBTI could
be either 10% reduction in the saturation drain current (lg) (denoted as “Alyg
criterion” in following discussion) or threshold voltage shift (AVy) when AV,
increases up to 5% of the nominal operating voltage (Vqq) (denoted as “AVjy, criterion”
in following discussion). Alys, criterion is quite straightforward but it might introduce
some complications into the qualification because Iy, itself is a function of various
factors, such as the threshold voltage and the bias conditions, which might have a
direct impact on the NBTI results, particularly for devices with different Vi, under
different stress biases. However, the main advantage of this criterion is that /45, can be
measured directly and thus Aly, obtained is most reliable. Besides, in certain aspect,
Alysye also includes mobility degradation due to NBTI stress, which might be
negligible but definitely not accounted by the threshold voltage shift AVy. AVy
criterion is simple and most-commonly used in both research and industry to examine
NBTI degradation. The shift of entire I-V curve after NBTI stress can almost be
completely characterized by AVy, such that the delay impact of the device or circuit
could be calculated and monitored. Nevertheless, there are some concerns regarding
the extraction methods of V. The widely-used constant current method gives

consistent AVy, but criteria of the constant current might have an impact on the NBTI
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results, especially for devices with different dimensions. On the other hand, the
maximum Gy, method is quite straightforward but may not yield consistent AVy,
especially for the devices with smaller dimensions, mainly due to the fluctuations of
maximum Gy, point under the NBTI stress. In short, neither Alyg, criterion nor AVy,
criterion is perfect, and there is a trade-off between them. Therefore, in our proposed

NBTI in-line test methodology, different approaches are used.

3.3.2 Proposed NBTI In-line Test Framework

As mentioned previously, NBTI in-line test could be quite necessary and useful
for the evaluation of new process technologies, and NBTI in-line test methodology
mainly aims for the ‘“feed-forward” of NBTI performance in devices during
development phase, through analyzing the impact of various process technologies on
NBTI, predicting the device lifetimes and qualitatively comparing NBTI degradation
among different splits or between the old and new processes. Figure 3.7 shows a
proposed NBTI in-line test. The device under test, i.e., DUT, goes through NBTI
in-line test, and NBTI results, in terms of AVy, or Algg, or both, can be either directly
measured or indirectly extracted. Based on AV}, and/or Alyg,, the device lifetime can
be estimated with a proper NBTI model, as shown in Eq. (3.4). Meanwhile, the
control chart can be plotted and it would directly feedback to the on-going process.
This loop iterates until the process is finally done. Moreover, with off-line NBTI full
test, the empirical NBTI model can be refined. Based on the refined NBTI model,
more accurate device lifetime can be extracted and thus benchmarked with the

previous results from NBTI in-line test.
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In particular, for NBTI in-line test, there are three main tasks before it can be
implemented. Firstly, specify NBTI in-line test conditions (7, Vesr and t) for DUT.
Secondly, use a proper measurement method to measure and/or extract NBTI
degradation in terms of AVy, or Alyg, or both. Lastly, choose or formulate a proper

NBTI model to predict the device lifetime.

¥
In-line Test: AVy/ .
y . Al NBTI Device
L. Model [[7] Lifetime
I
' ;
; I
FEM: . |
Process |a Control : i
Chart 1 :
! I
done NRTI I
- Model 1
RE; |
NBTI full test Device !
Lifetime [© — =

Figure 3.7: A proposed NBTI in-line test, where DUT stands for device under test, T,
is stress temperature, Vo, is stress gate voltage, t, is stress time, AVy, is shift in the

threshold voltage, and Al g, is shift in the saturation drain current.

For stress conditions, there are some constrains due to nature of the in-line test,
which ought to be simple, fast and dynamic. As we know, temperature measurement
requires some extra equipment, such as heater and cooler, and thus it complicates the
test procedure. More importantly, temperature rising, stabilizing and cooling process
usually take relatively long time (in minutes or hours), thus NBTI in-line test at high

temperature is neither practical nor appropriate. As a result, stress temperature (7s)
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has to be fixed at room temperature or at 25 °C. In-line test must also be very fast. As
a result, stress time () has to be as short as possible, for example, 10s or even less.
With T, and £ fixed, only stress voltage (Vg) can be used to accelerate NBTI
degradation. Vg, should be high enough to accelerate NBTI and make it observable,
but not too high because large Vi, will cause gate oxide breakdown. The rule of
thumb on choosing Vg is to use the upper limit of Vg as specified in previous NBTI
qualification report for same technology node. Moreover, stress condition, i.e., Ty =
25 °C, t, =10 s and Vg = -2.3 V for 65nm- or 45nm-node low-power devices, must
be undergoing test round first for several times before the actual implementation of
NBTI in-line test, mainly to confirm that NBTI degradation under this stress condition

1s observable and the result is consistent as well.

Besides the setting of stress conditions specified, measurement methods are also
critical for the success of NBTI in-line test. As mentioned previously, there are two
possible specifications for device failure due to NBTI degradation, in terms of AVy,
and %Al respectively. As a result, two categories of NBTI measurement methods
are proposed, as summarized in Table 3.1, in which detailed procedures and the
formula for extraction of either AVy, or Alyg, are also presented. Each method has its
own advantages and limitations. Single-point lq;, and Iys, methods (i.e. Method 1 and
3) are relatively fast such that NBTI recovery is minimized, and 1% on-the-fly (OTF)
method (i.e. Method 2) has simplest setup with no stress interruption during
measurement. Although the results by single-point /4, method can be directly used to
compare with the simulated results as predicted by empirical NBTI model, AVy, is
estimated by assuming that sub-threshold swing is not much affected by NBTI stress,
and it needs further verification by measuring I-V curves before and after NBTI stress.

1" OTF method gives good NBTI results because the stress is not interrupted during
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measurement. However, as reviewed in section 2.5.3, Chapter 2, OTF method has a
time-zero problem and it directly affects the accuracy of extracted AVy and its
consistency as well. Single-point l4s, method is one of the most promising methods,
because it gives most reliable results with measured /45, and also minimizes NBTI
recovery during measurement. Moreover, based on the method proposed in previous
section 3.2, AVy, can also be extracted accordingly. However, as discussed previously,
Alysy criterion has its own limitation, and thus single-point /45, method should not be

set as the only method for NBTI in-line test.

On the other hand, as reviewed in section 2.5, Chapter 2, there are some other
NBTI characterization methods. They are not included here, either due to time
constrain of the in-line test, such as conventional /-V sweep method (which may also
induce severe recovery during measurement), or due to complication of the
experimental set-up that makes them unsuitable for in-line test, such as pulsed OTF
method [183-186], pulsed /4-V, method [157] and ultra-fast switching (UFS) method

[187].

Method 1: single-point I4i, method to extract AVy,

before test: define V,<Vio in subthreshold

Ve Va Vs € range

sweep V, in subthreshold range to get Iy, @ V,
1 | 0~Vyo | -0.05 | GND | GND | = Vg, Vg= -0.05V & Vi = V;, = GND, and
subthreshold swing SS

2| Vg | GND | GND | GND | hold for time #

measure Iging @ Vg = Vi, Va=-0.05V & V=

3 Va1 -0.05 | GND | GND Vi, = GND

Vin degradation can be extracted: AVy, = SS*lg(Laiin/ Latin1)
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Method 2: 1* on-the-fly (OTF) method to extract AVy,

Ve Va Vs Vo | before test: get the Viyo of the fresh device

measure Igin @ Vg = Voo, Va =-0.05V & Vi =V,

1| Vg | -0.05 | GND | GND | _ GND

hold for #, and measure Igini @ Vg = Vi,

2 | Veu | 0.05 | GND | GND V4=-0.05V & Vi=V,=GND

Vin degradation can be extracted: AV, =( Vs - Vino)™*( Latin - Latin1)/ Ldtin

Method 3: single-point /45, method to extract Alygy

Ve | Va v, Vi

1 Vdd Vdd GND GND measure Idsat @ Vg = Vd= Vdd & VS = Vb =GND

2 | Ve | GND | GND | GND | hold for time £

3 Vdd Vdd GND GND measure Idsatl @ Vg = Vd= Vdd & VS = Vb =GND

l4sae degradation can be calculated: % Algsar = ( Lasat - Lasat1)/ lasar ¥100%

Table 3.1: A summary on proposed measurement methods for NBTI in-line test with
detailed procedures: single-point 1y, method and 1" on-the-fly (OTF) method [40,

152] for AV, extraction, and single-point 15, method [182] for Al g, extraction.

Lastly, regarding the NBTI model, the rule of thumb is to use most updated
empirical NBTI model. If available, NBTI physical model can also be adapted to
predict the impact of process technologies on NBTI. NBTT in-line test is not designed
to fully replace final NBTI off-line test. Instead, it is mainly used as a quick check for
new processes during development. Device lifetime obtained from NBTI in-line test
might deviate from the actual one, mainly due to stringent stress conditions at room
temperature and high stress gate bias for a short stress time. Stress condition for
in-line test is not commonly used for extraction of the model parameters. As a result,

only the trend as predicted by NBTI in-line test, when comparing among splits or
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between old and new processes, would be valuable. In the next section, some NBTI
in-line test results between old and new processes are shown to validate NBTI in-line

test methodology.

3.3.3 NBTI In-line Test Validation: Results and Discussion

For advanced technology nodes, various kinds of new processes or techniques,
such as stress proximity technique (SPT) [198, 199] and laser spike annealing (LSA)
[200-202], are developed to boost device performance. The p-MOSFETs used here are
fabricated with 65nm or 45nm baseline process with integrated stress memorization
technique (SMT) [203, 204] and dual stress liner (DSL) [198, 199, 205, 206] process.
Proximity of compressive stress liner is enhanced by spacer removal before DSL
deposition and it is known as SPT process. Spike annealing or LSA is carried out after
salicidation, mainly to effectively activate dopant in source/drain region. NBTI in-line
test is conducted and the results are shown in Fig. 3.8. Both AV, extracted by 1*' OTF
method and %Al measured by single-point lyg, method give the same trend. By
comparing the results, the impact of new process on NBTI can be observed. Figure
3.8(a) clearly shows that SPT induces much smaller NBTI degradation and thus
improve NBTI immunity quite significantly. From Fig. 3.8(b), as compared with
spike-only process, LSA process worsens NBTI degradation in certain way. However,
these preliminary results obtained from NBTI in-line test are not adequate to draw
final conclusions on the impact of SPT and LSA on NBTI. Systematical NBTI
off-line test under normal stress conditions must be carried out to confirm the trend by

NBTI in-line test, and these will be covered with more details in Chapter 6.
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Figure 3.8: Comparison of NBTI in-line test results in terms of AVy, extracted by 1"
OTF method (“Method 27) and %Al measured by single-point I, method

(“Method 37 ) for different processes: (a) No SPT vs. SPT; and (b) Spike only vs. LSA.

3.4 Characterization of NBTI Recovery

NBTI in p-MOSFETs gets recovered immediately when the NBTI stress is

removed, and hence electrical measurement tends to underestimate NBTI degradation
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due to its unavoidable measurement time. The measurement-induced additional NBTI
recovery must be taken into account, especially during electrical measurement of
NBTI recovery, because it would directly affect the measurement time frames. In this
section, NBTI recovery is observed to be highly reproducible under same conditions
and hence it is used to extract the critical measurement time by using different
measurement time intervals for the characterization of NBTI recovery. Thereafter,
within a modulated measurement time frame, a combined empirical model for NBTI
recovery [207] is proposed to describe the entire process of NBTI recovery in a wide

time range. Lastly, the effect of measurement time delay on NBTI is examined.

3.4.1 NBTI Recovery within Modulated Measurement Time Frame

Intuitively, a general NBTI measurement time frame 75 at i cycle (i=1,2,3 ...)

with the period of #,;, can be described by Eq. (3.5), and also graphically represented

in Fig. 3.9:
fi1 = [#s1-i» firy] = {stress, recovery} (3.5)
where I[s]4 = [t14, tosis 34, -.., hei] and i = [fs14s fiansis fea3-is --.] are the time vectors

for NBTI stress and recovery phases, respectively. More specifically, at i™ cycle,
measurements are taken at the time #; (j = 1, 2 ... k, k+1 ...), and the stress is
removed at time #,;, while the NBTI stress is resumed at the next (i+1) cycle, i.e.,
i+11= i+ fp+. For a normal case of the measurement time frame with a high
symmetry, #,; iS a constant value, i.e. #,; = #,, and hence any f;,;) can then be
extracted from tpy) with f;411= #1171+ ifp, and by assuming that the stress time duration is

equal to the recovery time duration, i.e. fx = 0.5tp, fjx.ij+j is simply the summation of
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i and t, 1.e. e = 4 + 0.5¢, for j=1, 2 ... k. The measurement time frame for
static NBTI can be obtained by setting i=1, i.e., 5.1 only, while for static NBTI with

recovery phase, #.1 is added, i.e., [t{s)-1, tfr-1]-

-V

Figure 3.9: A general measurement time frame t;; at i" cycle (i = 1, 2, 3...) with the

period of t,.;, for the dynamic NBTI or NBTI recovery.

Instead of examining the measurement effect on NBTI, here we investigate the
measurement effect on NBTI recovery. It is typically observed that, under the same
stress and recovery conditions, the experiments for NBTI and NBTI recovery are
highly reproducible, and the reproducibility of NBTI recovery in turn suggests that
an empirical model for NBTI recovery should be possible and useful. However, as
can be seen from Fig. 3.10, with all other conditions kept the same, NBTI recovery
changes with measurement time interval, where the measurement time interval is
defined as either the smallest repeatable time duration for two adjacent
measurements or the average time duration. The measurement time interval is an

indication of compactness of measurement time frame.

Figure 3.10 clearly shows that a smaller measurement time interval yields a
faster NBTI recovery, which implies that the measurement time interval has a large
impact on NBTI recovery. However, this phenomenon does not imply that there are
different NBTI recovery mechanisms for different measurement time intervals.

Instead, it can be attributed to the measurement time interval itself only. During the
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NBTI stress phase, measurement causes unwanted recovery, but once the stress is
resumed, if the measurement time is minimized, the experimental NBTI results
would not be largely affected. In contrast, during the NBTI recovery phase,
measurement-induced recovery is accumulated. As a result, when the measurement
time interval is very compact, even if the measurement time (#;) is minimized, this
accumulated recovery effect could still lead to a much distorted picture of NBTI

recovery, especially in the early stage of NBTI recovery.

Measurement time interval:

3s [1,2,5, 10, ..]

g & 1s [1,2.3,4.5.]
= 5 0.001s [0.001,0.002, ...]
N
<
O
B B
e 8 R 5 g EZ:I
20 80 100

Figure 3.10: Comparison of NBTI recovery in the identical devices with different
measurement time intervals. The device is pre-stressed with negative gate bias (Vg =
-2.2V) at the elevated temperature (Ty, = 125°C) for 1000s, and the NBTI stress is

purposely removed so as to monitor the NBTI recovery.

This problem can be solved by two approaches. One is to use a big measurement
time interval (which should be much larger than #,) such that the accumulated
recovery is comparably small and thus can be ignored. The other is to take ¢, into

account. To study NBTI recovery, we cannot skip the early stage because it might

77



ATTENTION: The Singapore Copyright A

ap ) the use of this

cument. Nanyang Techno

Chapter 3 Characterization of NBTI and NBTI Recovery

cal Univel

rsity Library

provide clues on the underlying mechanism. Therefore, the second approach is more

useful and thus is discussed as follows.

The second approach is based on the modulated measurement time frame. In this

approach, typical t,, must be obtained first. The value of f, can be manually

calculated by measuring the time duration for many repeated measurements and

taking the average time, or it can be extracted from the experiments. Thereafter, the

unwanted measurement-induced effect on NBTI recovery can be eliminated by

modulating the measurement time frame with t;, and the modulated time vector for

the NBTI recovery phase, i.e. fy, is described by

' = [fet’, a2’y Bas’s -

= 1) + fm)

(3.6)

where #i,’= tiujHjtm (G =1, 2, 3 ...), and the measurement time vector ) is defined

as fmy = [1, 2, 3, ..., n]xty,, where n = length(7yy).

1.0

Measurement time interval:

3s [1,2,5,10..]
Is [1,2,3,4,5..]
0.001s [0.001, 0.002, ...]

. t,=0S5s
0 AL A
o %g Ag A0 AOAD d
O
0 20 40 60 80 100 120
t.' (s)

Figure 3.11: Re-plot of Fig. 3.10 for NBTI recovery within the modulated

measurement time frame by taking the measurement time (t,,) into account.
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As shown in Fig. 3.10, NBTI recovery without taking the accumulated
measurement-induced recovery into account is different for different measurement
time intervals. In contrast, as can be seen in Fig. 3.11, NBTI recovery obtained via
the above modulated measurement time frame is highly repeatable for different
measurement time intervals. This highlights the validity of the approach and the
importance of the influence of the accumulated recovery. In addition, the value of 7,
can be obtained from the approach. For example, the value of ¢, extracted from Fig.
3.11 is about 0.5s for the single-point measurement method, being consistent with

the average measurement time (¢,,<1s) manually obtained.

3.4.2 Empirical Model for NBTI Recovery

On the other hand, NBTI recovery obtained with the above approach can be well

described by the following empirical model [37, 111]:

AV, ,—AV, = AV, Bi" 3.7)

th t

where AV corresponds to the initial AVy, at the exact moment when NBTI stress is
removed, 7, is the recovery time, n is the power-law factor which is a constant (~0.25)

[37, 111], and f is a fitting parameter.

In order to test the above empirical model, four identical p-MOSFETs are
stressed for 1s, 10s, 100s and 1000s respectively, and the recovery for each device is
monitored. In this case, only AVyy is different among the devices. The experimental
NBTI recovery of the four devices obtained within the modulated measurement time

frame are shown in Fig. 3.12(a). As can be seen in the figure, the experimental
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results are well fitted by Eq. (3.7), and the power-law factor n obtained from the
fitting is a constant with the value of ~0.25 being consistent with the previous studies
[37, 111]. On the other hand, the £ value obtained from the fitting exhibits a linear
relation with AVyg, as shown in Fig. 3.13. However, according to Eq. (3.7),
(AVipo-AVy)/AVy, i.€., Bt;", becomes more than 1 for a sufficiently long time, which
results in zero or even negative AVy,. This means that NBTI degradation is fully
recovered or over recovered. Such situations are not reasonable because no full
recovery or over recovery has been observed. Actually this empirical model is valid
only for a relatively short recovery time. Recently, Kaczer er al. [208] proposed a
universal recovery model which seems to fit the recovery data very well more than 6
orders of magnitude in time, where the data starts at ms or below. Nevertheless, the
logarithmic-law model [208-210] also encounters the same problem of possible full

or over recovery with sufficiently long recovery time.

10°
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g 1 -
S 1070 — o t=1s
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Figure 3.12: Modeling of NBTI recovery with (a) the existing empirical model [37, 111]
(i.e. Eq. (3.7)); and (b) the proposed empirical model (i.e. Eq. (3.8)). The devices are

stressed under Vggr = -2.2V at Ty, = 125°C for 1, 10, 100, and 1000s, respectively.

To overcome the limitation of existing empirical models for a long recovery time,

another empirical model is proposed as below
AV, —AV, =AV,, - AV, a1 " (3.8)

where o and m are two fitting parameters. The experimental data shown in Fig. 3.12(a)
is re-plotted in Fig. 3.12(b) according to Eq. (3.8). As shown in Fig. 3.12(b), the new
model can also well describe the experimental results. It is found that a is slightly less
than unit 1, whereas m has a strong correlation with AV as shown in Fig. 3.13. This
model can describe the recovery behavior for a long recovery time. However, it fails
for a small time scale as Eq. (3.8) shows that a negative value of (AVpo-AVn)/AVino

could be reached when f, is very small.
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Figure 3.13: Correlation of m in Eq. (3.8) and p in Eq. (3.7) with AVy,.

Figure 3.14: Plots of the functions pt,", (1 - at,™), (Bt + at,™) and data points until
10000s. Here p = 0.15, n = 0.25, a = 0.94 and m = 0.14. The empirical models are
valid only when Bt," or (1 - at,”™) is smaller than 1. When (Bt," + at,™) ~1, both

models are valid.
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Obviously, Eq. (3.7) is valid only for " < 1 while Eq. (3.8) is valid only for (1 -
at,™) > 0. In addition, ideally, (8" + ar,™") should be equal to 1. To determine the
time scales in which the models are valid, ", (1 - a,™) and (Bt" + at,™) as a
function of ¢, are presented in Fig. 3.14. As can be found from this figure, Eq. (3.7) is
only valid until ~200 s, while Eq. (3.8) is valid from 0.5 s onwards and can fit the
data points reasonably well until 10000 s. However, as shown in Fig. 3.14, (B," +
at,™) in the time range of [1, 200] is approximately equal to 1, which indicates that
both models can be used to describe NBTI recovery in the time range of [1, 200].
Therefore, with the complementarities of these two models, the entire process of

NBTI recovery in a wide time range can be empirically described.

3.4.3 Effect of Measurement Time Delay on NBTI

Lastly, the effect of measurement time delay (z5) on NBTI is experimentally
examined. As can be seen in Fig. 3.15, as the measurement time delay (#4) increases,
the NBTI-induced AVy, decreases, which indicates that AVy, is more significantly

underestimated for longer measurement time delay. Based on the general power-law
time dependence of NBTI, i.e., AV, = At", the pre-factor A and power-law factor n

can be extracted accordingly, which are summarized in Table 3.2 and plotted in Fig.
3.16. As can be seen from the figure, when #4 gets longer, the pre-factor A becomes
smaller, whereas the power-law factor n tends to be larger, which is quite consistent
with the results obtained by Ershov et al. [39]. However, as shown in Fig. 3.16, both
the pre-factor A and power-law factor n can be well approximated to be linear with

log(#m), and thus the actual A and n (at 73 = Os) is not back-traceable.
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Figure 3.15: The effect of measurement time delay on NBTI. The pre-factor A and

power-law factor n can be extracted and summarized in Table 3.1.

t4(s) 1 2 5 10 20 50 100 200
n | 0.2346 | 0.2381 | 0.2464 | 0.2527 | 0.2529 | 0.2626 | 0.2717 | 0.2865
A 10.014910.0138 | 0.0126 | 0.0117 | 0.0112 | 0.0100 | 0.0091 | 0.0080

Table 3.2: The parameters extracted from Fig. 3.15 based on AV, = At"

.2 f—_—q—o—o/‘/./‘ "
! A (Vs™)

.1 j\‘—\‘\ﬂ—\ﬁ‘\‘ .01

0.0 v v 0.00
10° 10! 10?
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Figure 3.16: Plot of A and n as a function of the measurement time delay (t,).
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3.5 Summary

In summary, a simple characterization technique based on ingle-point measurement
of saturation drain current has been proposed to minimize the unwanted NBTI
recovery effect during the electrical measurement of NBTI. An NBTI in-line test
methodology is developed here to monitor NBTI degradation in devices during the
development phase, aiming for process comparison and optimization in advanced
CMOS technology nodes. NBTI recovery is experimentally investigated and within
the modulated measurement time frame, a combined empirical model for NBTI
recovery has been proposed in our work to describe the entire process of NBTI
recovery in a wide time range. Lastly, the effect of measurement time delay on NBTI

1s examined.
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CHAPTER 4 MODELING OF NBTI IN P-MOSFETS

In this chapter, an analytical reaction-diffusion (R-D) model within the
framework of the standard R-D model is proposed to describe the negative bias
temperature instability (NBTI) process in a wide time scale covering the three regimes
of reaction, transition and diffusion. A power-law factor of ~1 is experimentally
observed for nitrided gate oxide and it shows clear evidence of the existence of the
reaction-limited regime for NBTI. The model is also used to examine the nitrogen
effect on NBTI. The analytical R-D model is extended to include cases of other
possible H-related diffusing species, such as the positively-charged hydrogen ion H"
and hydrogen molecule H,. Lastly, an analytical geometry-dependent R-D model is
obtained for two- and three-dimensional hydrogen diffusion. The geometry
dependence of NBTI is investigated experimentally and it can also be well explained

in terms of strain and hydrogen diffusion in devices with small dimensions.

4.1 Introduction

As reviewed in section 2.4, Chapter 2, various mechanisms have been proposed
to explain NBTI degradation, among which one of the most accepted models is
commonly known as the reaction-diffusion (R-D) model. The R-D model was first
proposed by Jeppson and Svensson in 1977 [61] and mathematically-generalized by
Ogawa and Shiono in 1995 [68]. Subsequently, it was further unified by Alam et al.

[132, 133]. The R-D model states that: interface trap generation is initially
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reaction-limited and exhibits a linear dependence with respect to the stress time; and
as time goes on, with the released hydrogen species diffusing away from the interface,
the process becomes diffusion-limited and a general power-law time-dependence with

the exponent factor of 1/4 is obtained for neutral H diffusing species [68, 132, 133].

Nevertheless, so far, the reaction-limited regime has not been experimentally
verified yet, nor the time-independent transition regime [132, 133]. Moreover, it has
also been intensively reported that incorporation of nitrogen into the gate oxide (i.e.
oxynitride) worsens NBTI [34-38], and NBTI degradation is also strongly dependent
on the nitrogen depth profile [74, 108]. However, the impact of nitrogen in the

reaction-limited regime has not been reported yet.

In this chapter, an analytical R-D model [211] is first proposed to describe the
entire process of NBTI degradation. Direct experimental evidence has been observed
to prove the existence of the reaction-limited regime with a power-law factor of ~1. A
smooth transition from the reaction-limited regime to the diffusion-limited regime is
experimentally observed and theoretically simulated. By examining the dependence of
NBTI on the initial Si-H density, the reaction energy and the diffusion coefficient of
the H-related species, the analytical R-D model can well explain the nitrogen effect on
NBTI. The analytical R-D model is also extended to include other possible H-related
diffusing species, such as positively-charged hydrogen ion H" and hydrogen molecule
H,. Lastly, an analytical geometry-dependent R-D model is developed, and the
geometry dependence of NBTI is examined in terms of strain and hydrogen diffusion

in devices with small dimensions.
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4.2 Analytical Reaction-Diffusion Model for NBTI

4.2.1 Analytical Reaction-Diffusion Model

The detailed NBTI mechanism and formulations of generalized R-D model are
described as follows. When p-MOSFETs are negatively-biased, holes in the inversion
layer interact with hydrogen-terminated trivalent Si bonds (Si-H), with an initial
defect density NV,, at the interface, and this interaction leads to the dissociation of Si-H
bonds, which in turn leads to the generation of interface traps (V). Initially, Nj
generation is limited by the dissociation of Si-H bonds at the interface (with the
forward reaction rate kp and reverse reaction rate kr). As the time goes on, diffusion of
H-related species becomes the limiting factor for N, generation. Mathematically, the

generalized R-D model can be described by the following two equations [68]:

dN

d_tit:kF(NO_Nit)_kRNH (O)Nit 4.1)
dN, d*N dN d*N q dN

=D q + A =D 2+ 1 1 4.2

d t H dxz IUH gax dx H( de kT gnx d ( )

where Ny is the diffusing hydrogen concentration, Ny(0) corresponds to the diffusing
hydrogen concentration Ny at the interface, Dy and uy are the diffusion coefficient

and the effective mobility of the H-related diffusing species, respectively and they
obey Einstein’s relation 4, /D, =q/kT , where g, k, T are the unit electronic charge,

Boltzmann’s constant and temperature, respectively.

For neutral H-related diffusing species, the electric field &, on the right-hand side
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of Eq. (4.2) takes no effect and thus can be neglected for simplicity. Besides, another
useful relation is the conservation of H-related diffusing species which indicates that

each released species leaves behind one interface trap, and it is described by Eq. (4.3):
N, () =["' N, (x.)x (4.3)
it =0 H 4 .

where x(7) is the tip of diffusing front and approximated as \/D,t with a triangular

diffusion profile for neutral H-related diffusing species [132, 133]. Hence, based on
Eq. (4.3), by assuming one-sided diffusion towards the gate oxide, interface trap

generation Ny(f) can obtained, as shown in Eq. (4.4):

N (f)= Ij;)szH(x,t)dxzéNH(O) D (4.4)
or N, (0)=—el) (4.4y

Lo

An analytical R-D model is proposed here, mainly to unify both the
reaction-limited and diffusion-limited regimes. In the following discussion, we make

the assumption of Nj; << N,, i.e., Nj is much smaller than N,. We also assume ¢ < £,

where ¢ =t / (4D,,), t.is the critical time and 7o is the gate oxide thickness, mainly

to satisfy the condition 7, >./4D,t. In other words, a relatively thick oxide is

considered here. As a result, only the diffusion inside the gate dielectric is considered
while the effect of poly-Si gate (either reflecting or absorbing) on Ny is not included.

In contrast to the assumption that the net trap generation is so slow that it is negligible

(i.e. d;Vi’ ~0) in comparison to the large flux on the right-hand side of Eq. (4.1) [132,
t

&9



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 4 Modeling of NBTI in p-MOSFETs

133], here we assume that both Nj; generation due to the forward reaction and Nj
re-passivation due to the reverse reaction are linear functions of time such that

% ~ & Eq. (4.2) describes the diffusion process, and by substituting Eq. (4.4)
t

into Eq. (4.1) and rearranging, it yields:

N2 () +— N (1) -LNo_ g (4.5)
t kR kR
1
Dyt ~ /Dt
1 At
or N (t)+—=N,(1)-2L=0 4.5y
0=, ()2

where A=k.N, and szR/(; /DH).

By solving Eq. (4.5), N; can be obtained as shown in Eq. (4.6):

2At _ 2k, Nt (4.6)

Nit(t): -
(1+\/1+4ABt%j 1+ 1+4kFNOk7Rt%

Certainly, two distinguished regimes can be observed from Eq. (4.6):

the reaction-limited regime (denoted as “R-regime”)

N, (t)= At =k, Nt (when 4ABt”” << 1) 4.7

and the diffusion-limited regime (denoted as “D-regime”)

N,(t)= \/%/4 = /% (DHI)% (when 4ABtY? >> 1) (4.8)
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In the reaction-limited regime, Eq. (4.7) clearly shows that Nj generation
increases linearly with the time, which is also suggested by Alam, ef al. [132, 133]. In
the diffusion-limited regime, Eq. (4.8) is also consistent with the widely-observed t"*
time-dependence as given in prior studies [61, 68]. Indeed, the reaction-limited
regime is purely accounted by the pre-factor A, while the diffusion-limited regime
involves both A and B and is accounted by a pre-factorv/A/B. The simulated data is
shown in Fig. 4.1(a), which clearly indicates that Eq. (4.6) is accurately accounting
for both the reaction-limited and diffusion-limited regimes. In other words, the

analytical R-D model (Eq. (4.6)) can well unify both the R-regime model (Eq. (4.7))

and the D-regime model (Eq. (4.8)).

To verify the analytical R-D model, a numerical-solution approach was employed
to solve the basic set of Egs. (4.1-3) without assuming that Nj has a linear
time-dependence on the left side of Eq. (4.1). As shown in Fig. 4.1(b), the numerical
solution is very close to the analytical R-D model based on Eq. (4.6). Although AN;
calculated by the numerical solution is slightly larger than that by the analytical R-D
model in the transition regime (i.e. the regime between the reaction-limited and
diffusion-limited regimes), they match perfectly in both the reaction-limited and
diffusion-limited regimes. This indicates that the analytical R-D model is not just
accurate in both the reaction-limited and diffusion-limited regimes but also quite
adequate in the transition regime. More importantly, instead of a flat transition [132,
133], the transition regime in our analytical R-D model is of a smooth shape where a
power-law factor n of the range [0.25, 1] is possible. This can be used as a possible
explanation for the recent finding of 0.5 power-law factor at the initial phase of NBTI

[74] by attributing it purely to a transition regime.
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Figure 4.1: (a) Interface trap generation (AN;) calculated with the analytical R-D
model (Eq. (4.6)), the R-regime model (Eq. (4.7)), and the D-regime model (Eq. (4.8)).
(b) Comparison between the analytical R-D model and the numerical solution. The

parameters used in the calculations are N, = 1.5x1 0 cm'Z, kp=1x1 02 /s, kp=1x1 0’8

sz/s, Dy = 1x1 0% cmss.
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The transition regime can be described by a characteristic transition time #;, as
shown in Eq. (4.9), which is defined as the intersection of the R-regime model (Eq.

(4.7)) and the D-regime model (Eq. (4.8)):

(4.9)

There are some interesting observations that are related to the transition point
corresponding to interface trap generation Nj at the transition time, i.e. Nj(fy). As
shown in Eq. (4.10), the linear coefficient of Nj(¢) at the transition point is obtained to

be a value of 0.362A, which has a linear dependence on the pre-factor A:

2A(1+\/1+4ABt%J—2At114AthV2

dN, (1) _ 2 1+4ABr"
dt

=ty ={4B] 7 (1 +\1+44B j

6
2(14++/5)-—=
=wA=O_362A (4.10)

2

(1+5)

Similarly, based on Eq. (4.6), the instantaneous power-law factor at the transition

point can also be derived, which is a constant of 0.585, as shown in Eq. (4.11):

4 (¥, (1)
dn(z)

_d
dx

x=In(t,,)=—21n(AB)

1=t,, =(AB)_% 3
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1 3 2

—1- ! 1 4ABZ e
/ 3,12 3, 2
{1+ 1+4ABe? J 1+4ABe?
x=In(t,,)=—31n[ AB]
3
=1-———=0.585 (4.11)

i+

where x=In(r) or t=¢" and

y=In(N, (1)) :ln(2At)—ln(1+\/1+4ABt% j :ln(2A)+x—ln[1+\/1+4ABesz

Significance of Eq. (4.10) and Eq. (4.11) is discussed as follows. If the
experiment is well planned, Eq. (4.11) can be directly used to identify the transition
point, and thus at the transition point, Eq. (4.10) can be used as an alternative way to
extract the pre-factor A, which could be quite useful if the reaction-limited regime is

not clearly indicated in the plot.

4.2.2 Evidence of Reaction-Limited Regime

To further verify the analytical R-D model, NBTI experiment on p-MOSFETs
with interfacial nitrogen concentrations of 3, 8, and 15 at. % was carried out. The
nitrided gate oxide was prepared using remote plasma nitridation technique to
minimize excessive nitrogen diffusion. The thickness (#,x) of the nitrided oxides is
about 18 A. The channel width and length are 20 um and 0.15 pm, respectively. The

NBTI stress measurement was carried out with a negative gate bias (Vg = -2.2 V) at
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elevated temperature (7T =125°C). To minimize measurement-induced recovery,
single-point measurement of saturation current [182] with the measurement delay of
about 0.5 s was adapted here to extract the threshold voltage shift AVy, and
direct-current current-voltage (DCIV) [36, 179-181] measurement was also conducted

to determine interface trap generation ANj.

Figure 4.2 shows the comparison between the simulated (based on the analytical
R-D model) and measured NBTI for nitrided gate oxides with three different nitrogen
concentrations. Values of the fitting parameters used in the model are given in Table
4.1, and also plotted as a function of interfacial nitrogen concentrations in Fig. 4.3. An
excellent agreement between the simulated and measured data is shown in Fig. 4.2.
The results clearly show that interface trap generation ANj; at the initial stage exhibits
a power-law time-dependence with the exponent factor n of ~1 for all nitrogen
concentrations. In other words, ANj is a linear function with respect to the stress time
when the time is relatively short, which is a direct evidence of the reaction-limited
regime at the initial NBTI degradation according to the R-D model. Since the
measurement is not free of delay, one may argue that NBTI recovery might occur
during the measurement and thus affect the experimental results and time exponent as
well, especially in the reaction-limited regime, because the measurement time interval
is relatively smaller than the measurement time delay. This issue is further discussed
as follows. As discussed in previous section 3.4.3, Chapter 3, the measurement time
delay affects the time exponent n and a larger exponent is resulted from more recovery.
More specifically, from Table 3.2, time delay of 100 s will gives n of ~0.27, which is
about 0.02 larger than that from time delay of 10 s (~0.25) and 0.035 larger than that
from time delay of 1 s (~0.235). Therefore, the observation of exponent of ~1 could

not be solely due to possible recovery during measurement, and thus we claimed that
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a reaction-limited regime was observed. Moreover, the experimental results could be

well explained by the analytical R-D model.

For the nitrided oxides used in this study, the characteristic transition time can be
calculated by Eq. (4.9) and the values shown in Table 4.1 are in the range of 2x107 to
3x107%s, depending on nitrogen concentrations. Figure 4.2 clearly shows the evidence
of the transition regime in the time range of 107 to 10™'s for all three nitrided oxide
samples. For a longer stress time, a power-law time-dependence with n ~ 1/4 can be
obtained, which indicates that NBTI is dominated by the diffusion process. In other
words, NBTI enters into the commonly-observed diffusion-limited regime. Therefore,
it is very clear that the analytical R-D model can well describe the experimental NBTI
results for the nitrided oxide samples with different interfacial nitrogen concentrations,

and this model covers all the three regimes of reaction, transition and diffusion.

N at. % A (A/B)"” B Dy (ecm’/s) | te(s) |1 (s)
3 1.39x10"* | 7.38x10™ | 2.55x10™ | 6.14 x10™"7 | 2.00 x10™ | 132
8 1.96x107 | 1.32x10" | 1.12x1077 | 3.16 X107 | 2.74 x10™ | 25.6
15 [2.67x107|1.96x10" [ 6.95x10"" | 8.28 x107° | 3.07 x10™ | 9.78

Table 4.1: Values of fitting parameters used in the modeling shown in Fig. 4.2. The

calculated characteristic transition time (t,,) and critical time (t.) are also included.

Moreover, from Fig. 4.2, the experimental result re-confirms the prediction of our
analytical R-D model that a smooth transition takes place after the reaction-limited
regime rather than a flat transition regime as described in ref. [133]. A flat transition
regime has been attributed to cancellation of the forward (generation) and reverse

(re-passivation) reactions of Eq. (4.1), which results in net-zero generation of Nj;, with

96



ATTENTION: The Singapore Copyright Act ap

Chapter 4 Modeling of NBTI in p-MOSFETs

the assumption that all hydrogen released from the reaction-limited regime is still at
the interface. In other words, a flat transition regime indicates zero diffusion of the
hydrogen-related species under certain condition. However, based on the result in Fig
4.2, a smooth transition region provides the evidence that the control of Ny generation
or re-passivation is indeed a competing process between the reaction-limited and
diffusion-limited regimes. It clearly shows that Nj; generation is slowed down due to
large fluxes on the right hand side of Eq. (4.1) which results in re-passivation of
interface traps. Therefore, Ny generation is controlled by both the rate of Si-H bond
dissociation and rate of released hydrogen species that diffuses away from the
interface. After the transition point, ; generation starts to be gradually dominated by

the diffusion process as described by Eq. (4.8).

1012
1/4
Vgstr— 22V AN~ t
T y
an 1011 1
=
N2
§ N=3at. %
10 e N=8at. %
< = N=15at. %
Solid lines: Analytical R-D Model
100

103 102 101 10° 10! 102
t (s)

Figure 4.2: The measured and simulated interface trap generation AN; as a function
of stress time t for nitrided oxides with the interfacial nitrogen concentrations of 3, 8
and 15 at. %. The NBTI stress measurement is carried out at Vo = -2.2 V and Ty, =
125 °C. The values of the parameters used in the simulated AN; based on the

analytical R-D model are given in Table 4.1.

97



ATTENTION: The Singapore Copyright Act ap ) the use of this

cument. Nanyang Techno

cal University Library

Chapter 4 Modeling of NBTI in p-MOSFETs

4.2.3 Nitrogen Effect on NBTI

The analytical R-D model can also provide a new insight into the effect of
nitrogen on NBTI. Figure 4.2 clearly shows that NBTI degradation is worse in both
the reaction-limited and diffusion-limited regimes for the nitrided gate oxide with
higher interfacial nitrogen concentration. Moreover, as can be seen in Fig. 4.3(a), the
parameter A (i.e. krlN,) increases with the nitrogen concentration, indicating that the
incorporation of nitrogen into the gate oxide can increase the initial neutral defect
density N, and/or increase the forward reaction rate kr. The initial neutral defect
density N, has been observed to increase with nitrogen concentration [107]. The
incorporation of nitrogen also reduces the reaction energy of either H-trapping [110,
212] or hole-trapping [131, 213] process and hence enhances the forward reaction of
Si-H dissociation. In Fig. 4.4(a), with an increasing A (i.e. due to the nitrogen effect),
interface trap generation increases for all three regimes (i.e. the reaction, transition

and diffusion regimes).

However, the previous results in Fig. 4.2 have shown that as the nitrogen
concentration increases, the increase in Ny generation is observed to be much larger in
the diffusion-limited regime than that in the reaction-limited regime. In other words,
the nitrogen-worsen Ny, generation is more significant in the diffusion-limited regime
than that in the reaction-limited regime. Additional NBTI degradation in the
diffusion-limited regime can be attributed to the enhanced diffusion of neutral
H-related species in nitrided oxide, which might be partially due to the lower

activation energy at nitrided oxide with higher nitrogen concentration [35, 109, 212].
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This effect is indeed further confirmed by a larger diffusion coefficient Dy value
for the sample with a higher interfacial nitrogen concentration, as observed in Fig.
4.3(b). Furthermore, Figure 4.4(b) also clearly shows that an increase in the diffusion
coefficient Dy leads to a large increase in interface trap generation AN in the
diffusion-limited regime, and this effect is quite insignificant in the reaction-limited
regime. In other words, with the incorporation of nitrogen and an increasing nitrogen
concentration, both the pre-factor A and the diffusion coefficient Dy increases, and
this combined effect leads to a significant increase in the pre—factorJM_B , which in

turn largely worsens NBTI degradation in the diffusion-limited regime.

Moreover, as shown in Fig. 4.3(c), as the interfacial nitrogen concentration
increases, the characteristic transition time (f;,) slightly increases, while the critical
time () shows a significant decrease (in log scale) for the nitrided oxide with higher

nitrogen concentration.
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Figure 4.3: The plot of the fitting parameters: (a) A,\NAIB, (b) B, Dy, and (c) t,, t, as
a function of the interfacial nitrogen concentration N at. %. The values of these

parameters used in the plot are given in Table 4. 1.
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Figure 4.4: Interface trap generation as a function of time (a) for different pre-factor
A and (b) for different diffusion coefficient Dy of H species, as simulated by our
proposed unified R-D model for increasing nitrogen concentration, with reference

parameters A = 1.4x1 0" em™/s, kg=1x10"% cm’/s, Dy = 6.1x10™" cm®/s
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Before further discussion on extended analytical R-D model(s) in next section,
there are some critical issues on the analytical R-D model to clarify. Firstly, why are
the R-D model and its variation (to be discussed subsequently and in Chapter 5 as
well) chosen? It is mainly because the R-D model, in particular, the proposed
analytical R-D model, can be used to well explain NBTI experimental results and the
effect of nitrogen on NBTI, which has been extensively discussed above. Other NBTI
models may also be used, but they are not well enough to explain what we observed
here, in terms of time dependence of NBTI and the effect of nitrogen on NBTL
However, as reviewed in section 2.4, Chapter 2, other NBTI models have their own
advantages. In particular, hole-trapping model can be used to distinguish slow and fast
components for NBTI degradation, i.e., interface traps and oxide traps, and deep-level
hole-trapping model can well explain NBTI partial recovery by attributing some
fraction of oxide traps pinned by the interface conduction-band offset. Moreover,
although physical modeling of NBTI in this work is mainly focused on interface traps,
it does not imply that oxide traps and/or trapping of holes are not important in NBTL
In fact, the interaction of cold holes with the initial defect at the interface plays a key
role in the generation of interface traps. Besides, in the classical R-D model, it has
been reported that there is a strong one-to-one correlation between positive oxide

charges and interface traps [62-65].

Secondly, regarding the parameter values used in Fig. 4.1 to simulate the
analytical R-D model, such as N,, kr and kg, how are these values determined? Indeed,
they were mainly quoted from the previous work by Alam [132], and the plot in Fig.
4.1 was just for a demonstration purpose of the analytical R-D model. It has been
previously reported that Py, centers at the Si/SiO, interface would saturate at the level

of ~10'"* cm™. However, the value of initial defect density N, used here is 1.5x10"
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cm'z, and it is much larger than the saturated level of Py, centers. However, if needed,
this discrepancy can be reconciled by reducing N, by two orders (at the level of ~10"
cm?) and increasing kr by two orders (at the level of ~1 s correspondingly. The
final plot will still be the same as that in Fig. 4.1. Similarly, the value of Dy also
partially depends on the value of kr. Nevertheless, these parameters can still be used
as important indicators for the purpose of comparison, although the absolute values of

these parameters are not absolutely accurate.

Thirdly, regarding hydrogen diffusion through a layer as thin as 1.5 nm, i.e. only a
few mono-layers of oxide or nitrided oxide, how is it possible? Indeed, the
microscopic view of hydrogen diffusion through a layer as thin as 1.5 nm is hard to
imagine. Macroscopically, diffusion occurs anywhere as long as there is a
concentration gradient, and this certainly implies to hydrogen diffusion. Moreover, as
discussed in section 2.3.2, Chapter 2, hydrogen can exist in various forms, such as
atomic H, molecular H,, proton H*, orasa part of hydroxyl OH, hydronium H;0" and
hydroxide ions OH". It is believed that the claim of hydrogen acting as either acceptor
or donor is mainly based on the view of a hydrogen defect at a fixed position of Fermi
level. In our model, the hydrogen-related diffusion species is quite dynamic. It is
generated at the interface and diffuses towards the oxide or bulk as well. Most
importantly, the experimental results cannot be well explained with the assumption of
hydrogen as either an acceptor, H', or donor, H", although in next section, we will
extend the model to include the cases of molecular H, and proton H" as the diffusion
species. One may also question about whether atomic H is stable in oxide or nitrided
oxide. Indeed, from the microscopic view, it can be explained as follows. In the oxide,
atomic hydrogen, which is slightly positive-charged, might be easily attracted by a

negative charge center, i.e. the oxygen atom in the oxide, and thus forms hydroxyl OH
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group, which is expected to be more stable than atomic hydrogen. In this case,
hydroxyl OH group, similarly as atomic hydrogen, can diffuse away from the

interface, and the R-D model is still valid.

Moreover, regarding the critical time that distinguishes the diffusion-limited
regime and the unknown regime (where the poly-Si would play a role), it is quite
short, as summarized in Table 4.1, although a typical NBTI test time is much longer
than 10 s. However, the stress time is not necessarily so short, depending on the value
of Dy. On the other hand, the slope for longer time is also examined. It is found that
as time goes beyond the critical time, the slope gets slightly smaller than 0.25, which
could be partially due to the effect of poly-Si gate, or partially due to the dispersive
transport, which are to be discussed in Chapter 5. Moreover, the values of parameters,
as discussed above, would also affect the critical time, and hence the analytical R-D
model only demonstrates one possible explanation for the underlying NBTI
mechanism, mainly based on the experimental results observed and some other
assumptions made. In real situation, hydrogen diffuses away from the interface and
towards gate oxide and poly-Si gate and thus the R-D model could be further
extended to include the hydrogen diffusion in poly-Si. The role of poly-Si could be
either reflecting or absorbing, or just as a normal medium for hydrogen diffusion.
However, by taking poly-Si into account, the model will become quite complicated

and no simple analytical solution could be obtained.

Lastly, regarding hydrogen diffusion in nitrided oxide, since silicon nitride is a
well-known barrier to hydrogen diffusion, one would expect that hydrogen diffusion
becomes increasingly difficult when the nitrogen concentration in SiO; increases, but

it is found that a larger value of Dy is obtained for nitrided oxide with a higher
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interfacial nitrogen concentration, i.e., hydrogen diffusion is enhanced by nitrogen. It
is explained as follows. Although silicon nitride (SiN) is widely used nowadays in
industry as the passivation film for IC, the silicon nitride used as a barrier to hydrogen
diffusion is usually grown by PECVD. In this work, nitrogen is incorporated by either
rapid thermal nitridation or decoupled plasma nitridation. According to Regolini et. al
in their work [214], the silicon nitride passivation film should be dense enough to
encapsulate hydrogen species in IC and thus perform the function of passivation.
Benoit et. al [215] further studied hydrogen desorption and diffusion in PECVD
silicon nitride and they found that, a low density film desorbs a high amount of
hydrogen and is permeable to hydrogen, while a high density film is a barrier to
hydrogen. In other words, even PECVD silicon nitride layer can be a source of
hydrogen or a barrier to hydrogen, depending on the film density. Therefore, it is

highly possible that hydrogen diffusion is enhanced by nitrogen.

4.3 Extended Analytical Reaction-Diffusion Model for NBTI

In this section, the analytical R-D model is extended to include cases of other

possible hydrogen species, such as the hydrogen ion H" and hydrogen molecule H,.

4.3.1 lonic Hydrogen

Based on the generalized R-D model [68], the basic set of the reaction equation
(Eq. (4.1)), the diffusion/drift equation (Eq. (4.2)) and the conservation equation (Eq.

(4.3)) can always be used to describe NBTI degradation mechanism, regardless of the
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type or nature of the H-related diffusion species.

If the H-related diffusing species is positively-charged hydrogen ion H, the drift
portion on the right side of Eq. (4.2) due to the electric field & will dominate the
overall effect and thus the diffusion portion in Eq. (4.2) can be neglected for
simplicity. In other words, only the drift process will be considered for H* as the

diffusing species, and Eq. (4.2) becomes:

dN, dN,,
dt lll H é:ax dx

(4.12)

For the conservation of H-related diffusing species, as described by Eq. (4.3), the
tip of drift front x(¢) is approximated to be 4, f{,xt with a rectangular profile for H"

[133]. Hence, based on Eq. (4.3), as H" is drifted by the electric field away from the
gate oxide, similarly, interface trap generation Ny(f) can be expressed approximately

as a linear function of Ny(0), as shown in Eq. (4.4):

x(t):/u Soxt

N, (1) =[N (xt)dx = N (0) it 4.13)
N, (1)

N, (0)=—= 4.13y

o H( ) ll'leoxt ( )

Similarly, we make the general assumption that interface trap generation Nj is
much smaller than the initial defect density N,, i.e. Nj << N,, and we also assume that
both the N generation due to the forward reaction and the Nj; re-passivation due to the

Ny . Eq. (4.12) describes
t

) ) ) ) dN,
reverse reaction are linear functions of time such that y ~
t

the drift process, and by substituting Eq. (4.13) into Eq. (4.1) and rearranging the
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orders of the new equation, it yields:

N, (t)+ ! Nit(t)——kFNO =0 (4.14)
kR kR
ﬂﬁgox ﬂﬁgnxt
1 At
or N.72(t)+—N. (t)-—=0 4.14y
J0)+ 5N, ()2 (414

where A=k,N, and B=k,/u,¢

ox *

By solving Eq. (4.14), interface trap generation Nj; can be obtained in the case of

the hydrogen ion H" as the diffusing species, as shown in Eq. (4.15):

2At _ 2k, Nt (4.15)

N, (1)=
(1+V1+44B1) 1+\/1+4kFN0 k’é ¢
/uH ox

Similarly, two distinguished regimes can be observed from Eq. (4.15):

the reaction-limited regime

N, (r)=At=k.Nt (when 4ABt << 1) (4.16)

i

and the drift-limited regime

Nir(t)=\/%(t)%: /"FNZ—%U)% (when 4ABt >> 1) 4.17)

In the reaction-limited regime, Eq. (4.16) clearly shows a linear time-dependence
of Ny generation, while in the drift-limited regime, Eq. (4.17) gives a power-law

time-dependence with an exponent factor of 1/2, which is also quite consistent with
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the prior modeling results [68, 133]. Similarly, in the case of H' as the diffusing

species, the reaction-limited regime is also accounted by the pre-factor A, while the

drift-limited regime involves both A and B and accounted by pre-factoryA/B.

4.3.2 Molecular Hydrogen

If the H-related diffusing species is molecular hydrogen H,, similar to the neutral
hydrogen as the diffusing species, the drift portion on the right side of Eq. (4.2) due to
electric field can be neglected for simplicity. Diffusion of H, dominates the overall

effect, and thus Eq. (4.2) becomes:
dN d’N,,

=Dy,

dt dx*

(4.18)

where Ny is the concentration of molecular hydrogen H, that diffuses away from the
interface, and Dy» is the diffusion coefficient of H,. In addition, the conservation of
the H-related diffusing species can also be described by Eq. (4.3) by replacing Nu(x, )
with 1/2Ny(x, f), which indicates that each released H-related species leaves behind
one interface trap and every two dissociated-hydrogen atoms form one molecular
hydrogen H,. The conservation between H and H; at the interface would be given by

the law of mass action [134]:

=C (4.19)

where C is a constant. Similar to the neutral hydrogen as the diffusing species, the tip

of diffusion front x(¢) of the molecular hydrogen H, is also approximated to be
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\/D;,t with a triangular diffusion profile for the molecular hydrogen H, [133, 134].

Hence, based on Eq. (4.3), interface trap generation N;(f) can be expressed

approximately as a linear function of Ny,(0), as shown in Eq. (4.4):

=Dyt 1 1
v0=[") " N (5.t )x =2 N, (0)YD,f (4.20)
or NHZ(O):lA”"—(t) (4.20)°
Z Dt

By substituting Eq. (4.20)’ into Eq. (4.19), we can obtain the relationship between

Nu(0) and Ny(), as shown in Eq. (4.21):

v, (0)= B J aw, () )

C C\D,.t

H2

Similarly, we make the general assumption that interface trap generation Nj is
much smaller than the initial defect density N,, i.e. Ny << N,, and we also assume that

both the N;, generation due to the forward reaction and the Nj re-passivation due to the

. : . . dN. N. oo
reverse reaction are linear functions of time such that—* ~ —~ . By substituting Eq.

dt t
(4.21) into Eq. (4.1), it yields:
N, (1) 4N, (1)
= ~=k,N,—k, |———=N, (¢ 4.22
;o keNo ke S p (1) (4.22)
4N, (1) N, (1)
k, |———==N_(t)=k,N,A ——"—= ’
or ke odD, 7 o (1) =hpNo == (4.22)
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By taking a square on each side of Eq. (4.22)’, it becomes:

4k,
C.D, t

H2

2
N.
N, ()= [kFNo —#} (4.23)

2
B N (1
or jNﬁ (Z)=|:A— ”t( )} (4.23y
2
B N, (1
o o N, (f){l—#} 4.23)"

4k,
Cc{D

H2

where A=k,.N, and B=

Equation (4.23) can be solved either analytically or numerically, and Nj can also
be obtained to be as a function of time. Here, we consider the two extreme cases

where certain approximations are made to get a much simpler analytical solution.

When the time is very short, i.e. in the reaction-limited regime, the right-side of
Eq. (4.23)” can be ignored and approximated to be zero, such that Nj(f) can be

obtained as shown in Eq. (4.24):

N, ()= At =k.Nt (4.24)

In the reaction-limited regime, Eq. (4.24) clearly shows a linear time-dependence of
Ny generation, and similarly, in the case of H, as the diffusing species, the
reaction-limited regime is also purely accounted by the pre-factor A. By substituting
Eq. (4.24) in to Eq. (4.23), the right-side of Eq. (4.23)” is dimensionless and equal to

zero, and thus the left-side of Eq. (4.23)” must also equal to zero, or as in a
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dimensionless scale, much smaller than 1. Therefore, by substituting Eq. (4.24) into
the left-side of Eq. (4.23)”, the stress time ¢ must satisfy the following condition:
B 5

N (1) = (At)’ = AB? << 1 (4.25)

i

o
“
>

When the time is relatively long, i.e. in the diffusion-limited regime, the second
term [Ni(7)/(At)] on the left-side of Eq. (4.23)” could be ignored when it is much

smaller than 1, such that Nj(¢) can be obtained as shown in Eq. (4.26):

2
3

Ni,(t):(A—ZJS /o :(c)i(kFN 0] (D, t)5 (4.26)

B 2k,

By substituting Eq. (4.26) into the second term [N;j(¢)/(Af)] on the left-side of Eq.

(4.23)”, the stress time ¢ must satisfy the following condition:

N_ (t B 3 _
i )= Z(Lj%t % << 1 (4.27)
At At AB
1
5\3
or (ABtzj >> 1 4.27)

Indeed, the time constrains as depicted in Eq. (4.25) and Eq. (4.27)’ to separate
the two regimes are identical. The characteristic transition time f., which is defined as
the intersection of the R-regime model (Eq. (4.24)) and the D-regime model (Eq.

(4.26)), can also be obtained:
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2 7%
4k J (4.28)

L, :(AB)i% :(kFNO c./D
H2

Lastly, the significance of extended analytical R-D models, as mentioned above,
is briefly discussed as follows. The time evolution of NBTI is affected by various
factors, such as measurement method, fabricated samples, etc. As discussed in
Chapter 3, the measurement time delay would affect the exponent factor in the
diffusion-limited regime, and to be discussed in Chapter 5, the time evolution might
also affected by the dispersive nature of hydrogen diffusion and it differs among
nitrided oxide samples with different nitrogen concentration. Regardless of effect of
measurement or fabricated sample or dispersive diffusion, in real situation, the
diffusion could involve different kinds of hydrogen species, such as ionic hydrogen or
molecular hydrogen, although atomic hydrogen is believed to be more dominant than
others. Therefore, although no comparison with experimental results is made here, the
extended analytical R-D models could still be quite useful, in particular, power-law
factor of smaller than 0.25 in the diffusion-limited regime might be partially attributed
to a contribution of possible molecular hydrogen diffusion, and the determination of

exact diffusion species could be a good direction for future study of NBTI.
4.4 Geometry-Dependent Reaction-Diffusion Model for NBTI

4.4.1 Geometry-Dependent Reaction-Diffusion Model

The reaction-diffusion (R-D) model, as analyzed in previous sections, is based on
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an assumption that the geometry (i.e. channel length and channel width) is much
larger than the diffusion/drift length, i.e., diffusion is one-dimensional (1-D). This 1-D
diffusion is only valid in the channel region where distribution of NBTI-induced traps
is relatively uniform. However, diffusion at the edge is two-dimensional (2-D), while
diffusion at the corner is three-dimensional (3-D). Therefore, conservation of the
hydrogen-related diffusing species, i.e. Eq. (4.3) in the case of 1-D, is replaced by a

more general form as shown in Eq. (4.29):
[N, ()= Ny (r.t)av (4.29)

where V stands for a general form of length, area or volume, depending on the degree

of dimension, and total N, is the integration of Ny(r, t) over dV.

Similarly, a triangular diffusion profile is assumed for the neutral hydrogen

diffusing species [132, 133, 216], and the diffusion front is approximated as the

diffusion length /D, . In other words, Nu(r, f) can be generally expressed as:

N, (r.t)=N, (0)[1— L J (4.30)
D,t

Moreover, Ny is assumed to be generated and distribute evenly at the interface,

with thickness of & for 1-D, area of 78> for 2-D or volume of %7[53 for 3-D.

For ideal 1-D diffusion, N can be obtained by solving the basic set of the
reaction equation (Eq. (4.1)), the diffusion/drift equation (Eq. (4.2)) and the

conservation equation (Eq. (4.29)) in 1-D:
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N, (t)= 2k Not (4.31)

kpd %
[1+\/1+8kFN0 K tZJ
VDH

When the time is relatively long, i.e. in the diffusion-limited regime, Eq. (4.31)

can be simplified as shown in Eq. (4.32), and it shows that Nj has a power-law

time-dependence with an exponent of 1/4:

N, (1) = [ (p, 1) 4.32)

For ideal 2-D diffusion from a line source, the diffusion front is assumed to be a

circle, i.e., dV in Eq. (4.29) is replaced by (2nrdr), and thus by integrating r from O to

Dyt it gives:

jN,,(t)zijH(o)[l— L }2ﬂ'rdr=§NH (0)(D,1) (4.33)

Similarly, by solving the basic set of the reaction equation (Eq. (4.1)), the
diffusion/drift equation (Eq. (4.2)) and the conservation equation (Eq. (4.33)), Ny for

2-D diffusion can be obtained, as shown in Eq. (4.34):

N, (1) = 2k Not (4.34)

2
[1+\/1+12kFN0 ky0 t}
DH

When the time is relatively long, i.e. in the diffusion-limited regime, Eq. (4.34)

can be simplified as in Eq. (4.35), where Nj has a power-law time-dependence with an

exponent of 1/2:
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kFNO
3k,0°

N, (1) = (D) (435)

For ideal 3-D diffusion from a point source, the diffusion front is assumed to be a

sphere, i.e., dV in Eq. (4.29) is replaced by (4nr*dr), and thus by integrating r from 0

to/D,t , it yields:

) JD,t

le.,(r)=ij_’”NH(o)(1— L j4m2dr:§1v,,(0)(p,,r)% (4.36)

Similarly, by solving the basic set of the reaction equation (Eq. (4.1)), the
diffusion/drift equation (Eq. (4.2)) and the conservation equation (Eq. (4.36)), Ny for

3-D diffusion can be obtained, as shown in Eq. (4.34):

N, (1)= 2o ot : (4.37)
1+ 1+l6kFN0kR5yt%
(D)

When the stress time is relatively long, i.e. in the diffusion-limited regime,
Equation (4.37) can be approximated to be Eq. (4.38), where N; has a power-law

time-dependence with an exponent of 3/4:

k.N 3
N, ()= /4]1; (;(DHM (4.38)

The geometry-dependent analytical R-D model for neutral hydrogen diffusing

species in 1-D, 2-D and 3-D is summarized here:
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2k, Nt _ (1)
(1+\/1+ 8kFN0kR5D;AtA )
2k, Nt
- (2-D)
N, (1) (11126, N K 82Dt (4.39)
2k, Nt _ 3.D)
(1+\/1+ 16kFN0kR53D;AtA j

And for a sufficiently long time, i.e., in the diffusion-limited regime, a general

power-law time-dependence of Ny is obtained:

N, (t)=Ar" (4.40)
kN, (D, V"
(3] v
R
| [N, (D, YV
where the pre-factor A= gk 0 5_21 (2-D) and the power-law factor
R
3
N (D VA
ka o (% (3—D)
R

Y, aD

n= % (2-D) . if the term

¥, 3D

the result shown above for 1-D diffusion is quite consistent with the one obtained in

, 1s treated as the effective diffusion coefficient,

o

section 4.2.

Moreover, if a dispersive nature of hydrogen diffusion is taken into account, the
power-law factor n for 1-D, 2-D and 3-D diffusion becomes p/4, B/2 and 3p/4,
respectively, where P is the dispersion parameter and 0<p<1. In another case, if the

hydrogen-related diffusing species is molecular hydrogen H,, the power-law factor n
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in the diffusion-limited regime can also be obtained to be 1/6, 1/3 and 1/2 for 1-D,
2-D and 3-D diffusion, respectively. The actual hydrogen diffusion in an MOSFET
could be between 1-D and 3-D diffusion, depending on the device geometry. For
example, hydrogen diffusion from the interface tends to be 1-D and 3-D diffusion for
large device dimensions (i.e. wide channel width and long channel length) and small
device dimensions, respectively. In addition, diffusion at edges and corners may play
an important role for small dimensions. Therefore, it is clear from the above
discussions that the geometry plays an important role in NBTI degradation. In
particular, the power-law factor n is largely affected by the geometry effect, in the

context of the R-D model.

4.4.2 Strain Effect on NBTI in p-MOSFETs with Small Dimensions

Besides the influence of hydrogen diffusion, the effect of stress/strain in the
MOSFET device may also play a role in the geometry dependence of NBTI, as
stress/strain can affect the breaking of Si-H bonds and NBTI reaction energy as well.
Indeed, strain engineering is widely used to induce strain in the device and thus boost
device performance for sub-100nm technology node. Nevertheless, it is found that the
deposition of a compressive silicon nitride (SiN) liner, as one of the most effective
performance boosters for p-MOSFETs, worsens NBTI degradation, and it is mainly
attributed to a higher amount of hydrogen that might be incorporated during the SiN

deposition and a higher strain energy that is stored in the channel [217].

This can be confirmed by the standard 45Snm CMOS process simulation with

TCAD tools, and the stress profiles along the channel direction for both short-channel
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(L= 50 nm) and long-channel (L. = 1000 nm) devices are shown in Fig. 4.5. As can be
seen in Fig. 4.5, for the device with a long channel length of 1000 nm, the stress
transferred along the channel direction is much smaller than that with a shorter
channel length of 50 nm. Besides, the transfer of stress/strain is also more efficient

at/near the channel edge.
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Figure 4.5: Plots of the stress profiles along the channel direction for short-channel (L

= 50 nm) and long-channel (L = 1000 nm) devices, as a function of distance x.

Moreover, first-principles calculation is carried out to examine the strain effect in
terms of the NBTI reaction energy Er [36, 110, 213, 218]. As shown in Fig. 4.6, a
larger bond angle change due to a higher strain can lead to a reduction in the NBTI
reaction energy Egr. In other words, a higher strain causes a more favorable NBTI
reaction at the interface. Besides, the strain also has an impact on the bonding energy
Eg of the NBTI precursor, i.e. the Si-H bond at the interface, and similarly, a
more-negative FEp is resulted for a larger bond angle change, which indicates that

under a higher strain the Si-H bond is weaker and thus easier to break. Overall, by the
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first-principles calculation, it is found that NBTI degradation is worsen by the strain,
in terms of the NBTI reaction energy and the bond breaking of the Si-H bonds at the
interface, and by correlating the results obtained from TCAD process simulation, a

higher NBTI degradation is expected for smaller dimensions.
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Sﬁn
i
5
Er.:
-8t L .
compressive :  tensile
strain i strain
-1.0 : : ,
-40 -20 0 20 40
A6, (*)

Figure 4.6: NBTI reaction energy change (AEg) and Si-H bonding energy change (AEg)
as a function of bond angle change (AOg). In the first-principle calculations, AEg is
caused by the change in the bond angle <Si-N-Si of the nitride oxide, while AEg is

purely due to the change in the bond angle in the Si3-Si-H structure at the interface.

4.4.3 Geometry Dependence of NBTI in p-MOSFETs with Small

Dimensions

To investigate the geometry dependence of NBTI, firstly, p-MOSFETs with
nitrided gate oxide of ~17.5 A and different channel lengths (L) in the range of 48 nm

to 1000 nm are stressed at Ty, = 125 °C and Vg = -2.0 V for about 100 s. The
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single-point saturation drain current (/4s,) measurement [182] is used to extract the
threshold voltage shift (AVy,). Moreover, the conventional /-V measurement method
and 1% on-the-fly (OTF) measurement method [40, 152] in a short time range are also

conducted to re-confirm the trend observed by using the single-point /4, method.

NBTI degradation results are shown in Fig. 4.7. Figure 4.7(a) clearly shows that
AVy, is higher for the device with shorter channel length, and this enhancement effect
for shorter channel length could be attributed to either the edge/corner effect that is
illustrated previously in the geometry-dependent R-D model for NBTT or the effect of
the process-induced stress/strain that worsens NBTI for smaller dimensions, or both.
Moreover, based on the general power-law time-dependence of NBTI that is shown in
Eq. (4.40), the pre-factor A and power-law factor n can be extracted accordingly, and
the results are shown in Fig. 4.7(b). As can be seen from the figure, the pre-factor A
increases as the channel length shrinks, and this can be mainly attributed to an
increase in the forward reaction rate kg due to a lower NBTI reaction energy Er and/or
a lower bonding energy Ep of precursor Si-H bonds at the interface. Figure 4.7(b) also
shows that the power law factor n is almost a constant for devices with different
channel lengths. Based on the geometry-dependent R-D model, if the edge/corner
effect is significant, an increase in the power law factor n should be evidenced.
However, the result of a constant power law factor n in Fig. 4.7(b) gives no such
evidence, which might be mainly due to a relatively wide channel width of 2000 nm.
Therefore, it can be concluded that the channel length dependence of NBTI for the
device with wide channel width is mainly attributed to the enhancement of the
stress/strain transfer during the process for the device with shorter channel length,

which in turn leads to a higher NBTI degradation.
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Figure 4.7: (a) NBTI degradation AVy, as a function of device channel length for
p-MOSFETs with channel width of 2000 nm; (b) the extracted pre-factor A and
power-law factor n as a function of device channel length. Te sample size for each

device is 4 and the lines are for guiding the eyes only.
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To further investigate the geometry dependence of NBTI, p-MOSFETs with short
channel lengths (L = 60 nm) and different channel width (W) are examined, and the
results are shown in Fig. 4.8. Figure 4.8(a) shows the typical AVy, curves as a function
of stress time for the devices with wide and narrow channel width of 5000 nm and
200 nm, respectively. As can be seen from this figure, as the stress time is more than 1
s, i.e. in the diffusion-limited regime, AVy, is observed to be higher for the device with
narrower channel width. It is further confirmed in Fig. 4.8(b). Similarly, A and n can
be extracted, based on Eq. (4.40), and the results are shown in Fig. 4.8(c). Fig. 4.8(c)
clearly shows that channel width has an insignificant impact on the pre-factor A, while
the power law factor n is observed to increase as the channel width decreases below
1000 nm. The larger n value highly indicates that the edge/corner effect as depicted by
the geometry-dependent R-D model is significant when both channel length and width
are comparably small. In other words, when the device dimensions are smaller, 2-D or
3-D hydrogen diffusion at the edge or corner respectively, might start to play an

important role, which in turn affects the power-law factor n.

100 : ,
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Vgstr
z
- 10 4
=
N
< -n
A (mVs™") n
Width =5000 nm 9.86 0.24
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10! 10° 10! 10?2
t(s)
(a)
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Figure 4.8: (a) Typical NBTI degradation AVy, as a function of stress time t for
p-MOSFETs with short channel length of 60 nm, and with wide and narrow channel
width of 5000 nm and 200 nm, respectively; (b) AVy, as a function of device channel
width; (b) the extracted pre-factor A and power-law factor n as a function of device

channel width. The samples size is 4 and the lines are for guiding the eyes only.
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However, it has to be pointed out that this section only shows a preliminary study
on geometry dependence of NBTIL. As discussed above, the effect of strain/stress and
possible 2-D or 3-D hydrogen diffusion are two possible reasons that could explain
the experimental results, i.e., increase in AVy, of short channel devices and increase in
AVy, of narrow width devices (with short channel length), respectively. Both of them
have some limitations. Firstly, only qualitative explanations are provided here and
there are no strong quantitative correlations between the theory and experimental
results, especially for the relatively-unchanged n for short channel device and
relatively-unchanged A for narrow width device. Moreover, measurement used here is
not free of delay yet, and it certainly has some impact on the experimental results
obtained although the trend predicted here should be correct. Furthermore, the
variation of experimental results, especially for the devices with short channel length,
as shown in Fig. 4.7, is relatively big, and the sample size used her is also quite
limited. Therefore, further studies are required to reveal the true mechanism of

geometry dependence of NBTL

4.5 Summary

In summary, an analytical reaction-diffusion (R-D) model has been proposed to
describe the NBTI process in a wide time scale covering the three regimes of reaction,
transition and diffusion. A power-law factor of ~1 is experimentally observed for
nitrided gate oxide, which shows clear evidence of the existence of the
reaction-limited regime for NBTI, and the nitrogen effect on NBTI has been examined,
which indeed is going to be further illustrated with more details in the next chapter.

The analytical R-D model has also been extended to become a more general model
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that also describes the cases of other possible H-related diffusing species, such as the
positively-charged hydrogen ion H" and the hydrogen molecule H,. Lastly, based on
the analytical geometry-dependent R-D model, the geometry dependence of NBTI has
been investigated. The experimental results for the devices with smaller dimensions
are explained by the effect of strain and possible 2-D or 3-D hydrogen diffusion with

R-D model.
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CHAPTER 5 NITROGEN-WORSEN NBTI IN

P-MOSFETS

In this chapter, nitrogen-worsen negative bias temperature instability (NBTI) is
systematically studied. Nitrided gate oxides with different interfacial nitrogen
concentrations are prepared by different nitridation processes, and all NBTI
experimental data can be well described by an analytical reaction-dispersive-diffusion
(R-DD) model in the diffusion-limited regime. NBTI results for the nitrided gate
oxide further confirm that both the interfacial nitrogen concentration and nitrogen
depth profile play important roles in the nitrogen-worsen NBTI. In addition, the
influence of hydrogen dispersive diffusion on NBTI is also examined, and the NBTI
experiments further verify that the analytical R-DD model can well explain NBTI
degradation including its dependence on the stress time, the stress temperature and the
interfacial nitrogen concentration, and its power-law behaviors as well. Furthermore,
first-principles calculation is carried out to examine the effects of nitrogen either as
the reaction site at the interface or as adjacent atoms near the interface in terms of the
reaction energy. Lower reaction energies due to the incorporation of nitrogen imply
that nitrogen is a more effective hydrogen-originated hole trapping center than oxygen,
and hence worsens NBTL It is also found that trapping at vacancy defect has the
strongest dependence on the effect of nitrogen as the adjacent atoms. Lastly, the role
of nitrogen in NBTI is investigated in terms of its influence on electro-negativity and

atomic charge distribution of nitrogen, oxygen and silicon atoms at the interface.
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5.1 Introduction

The mechanism of NBTI degradation can be well described by the classical
reaction-diffusion (R-D) model [61, 68], which has been reviewed in section 2.4,
Chapter 2 and also extensively studied and expanded in Chapter 4. In our previous
work as shown in section 4.2, Chapter 4, the experimental results confirm linear
time-dependence of NV in the reaction-limited regime and also show a clear transition
regime between the reaction-limited and diffusion-limited regimes. However, a
correct treatment should also include the dispersive nature of the diffusion/drift
process in amorphous material [138-140], i.e. the diffusion constant Dy ought to be
replaced by a time-dependent expression of Dyo(vd)*', where p = kT/Ey is the
dispersion parameter (0<p<1), E, is the characteristic energy scale, and v_is the
characteristic frequency. Moreover, it has been intensively reported that incorporation
of nitrogen into gate oxide (i.e. nitrided oxide or oxynitride) worsens NBTI
degradation [34-38, 71, 94, 107-109, 111, 140, 212], and NBTI degradation is also
strongly dependent on the nitrogen depth profile [74, 108]. However, the impact of

nitrogen in the reaction-limited regime has not been reported yet.

In this chapter, an in-depth investigation and theoretical study of NBTI in pure and
nitrided gate oxides have been conducted for a better understanding on the
nitrogen-worsen NBTI phenomenon [219]. An analytical NBTI model is developed
here by taking into account the dispersive nature of diffusion, and it also covers all the
three regimes of reaction, transition and diffusion. The influence of hydrogen
dispersive diffusion in nitrided gate oxides on NBTI is also examined and the NBTI
experiments verify that the analytical reaction-dispersive-diffusion (R-DD) model can

well describe NBTI degradation, including its dependence on the stress time, the
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stress temperature and the interfacial nitrogen concentration, and its power-law
behaviors as well [220]. To further understand the origin of the nitrogen-worsen NBTI,
atomic modeling of NBTI for both pure and nitrided gate oxides is also carried out by
using first-principles calculations, in terms of the influence of nitrogen on the reaction
energy, electro-negativity and atomic charge distribution of nitrogen, oxygen and
silicon atoms at the interface. With the analytical R-D model and NBTI atomic

modeling, we hope to give a clearer picture of nitrogen-worsen NBTL

5.2 Effect of Nitrided Oxide on NBTI

5.2.1 Experimental

The devices used in this work are fabricated with a standard CMOS process. The
major process conditions for nitrided gate oxide samples are summarized in Table 5.1
and described as follows: the nitrided gate oxides are grown by rapid thermal
oxidation and followed by either in-situ rapid thermal nitridation (RTO) in NO gas
ambient (denoted as “RTNO”) with an interfacial nitrogen concentration of 3.7 at. %
or decoupled plasma nitridation (denoted as “DPNO”) with interfacial nitrogen
concentrations of 3.0, 8.0, and 15.0 at. %. The gate oxide thickness is about 18 A. The
device channel width/length is 20/0.15 pm, and the nominal voltage (Vqq) is -1.5 V. To
minimize unwanted measurement-induced recovery, single-point saturation current
measurement method [182] is used to extract threshold voltage shift (AVy,), and
direct-current current-voltage (DCIV) measurement [36, 179-181] is also conducted

to determine interface trap generation ANj.
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Sample No. Oxidation Nitridation N (at. %) Anneal Final EOT (A)

1 RTNO NO 3.7 18.01
2 DPNO RTO DPN 3.0 N2/02 18.83
3 DPNO DPN 8.0 1050°C 17.84
4 DPNO DPN 15.0 17.83

Table 5.1: Major process conditions for the nitrided gate oxide samples.

5.2.2 Results and Discussion

According to the R-D model [61, 68, 132, 133], regardless of the exact diffusing
species, a very common observation on NBTI degradation is that the interface trap
(Ny) or positive oxide charge (N,) generation exhibits a power-law dependence on the

stress time and hence the net threshold voltage shift AVy, can be expressed as:

AV, = el gy (5.1)

where ¢ is the unit electronic charge, Co is the oxide capacitance, A is the pre-factor
and n is the power-law factor. NBTI degradation (i.e. AVy, as a function of the stress
time) for different nitrided oxides at Vg = -2.2 V and T, = 125 or 25 °C are shown in
Fig. 5.1. As can be seen from the figure, NBTI in RTNO sample with an interfacial
nitrogen concentration of (denoted as “N =") 3.7 at. % is much higher than that in
DPNO sample with N = 3.0 at. %. This implies that with a similar interfacial nitrogen
concentration, DPNO has a better NBTI immunity than RTNO, which confirms that
nitrogen depth profile plays an important role in NBTI. Moreover, the results in Fig.
5.1 also show that among DPNO samples, NBTI degradation gets worse as the
nitrogen concentration increases, which indicates the enhancement effect of the

nitrogen at the interface.
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Figure 5.1: Threshold voltage shift AV, as a function of stress time t in the
diffusion-limited regime for nitrided gate oxides at the stress condition: (a) Vggr =

-2.2Vand Ty, = 125 °C and (b) Vegr = -2.2 Vand Ty, = 25 °C.
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Sample No. Nat. % Tsr =25°C T =75°C Ty =125°C E, (eV)

1 RTNO 3.7 0.0059 0.0085 0.0117 0.0697
2 DPNO 3.0 0.0031 0.0046 0.0058 0.0644
3 DPNO 8.0 0.0066 0.0089 0.0116 0.0574
4 DPNO 15.0 0.0102 0.0140 0.0178 0.0569

Table 5.2: Summary of the extracted A values for all test samples at Vg = -2.2 'V and

Ty = 25, 75 and 125 °C. The activation energy E, obtained from Fig. 5.2 is included.

Sample No. Nat. % Tir=25°C T4 =75°C Ty =125°C Ey (eV)

1 RTNO 3.7 0.1973 0.2045 0.2046 0.295
2 DPNO 3.0 0.2278 0.2404 0.2639 0.060
3 DPNO 8.0 0.1990 0.2163 0.2263 0.079
4 DPNO 15.0 0.1889 0.2001 0.2113 0.096

Table 5.3: Summary of the extracted n value for all test samples at Vo = -2.2 'V and
Ty = 25, 75 and 125 °C. The characteristic energy scale Ey obtained from Fig. 5.5 is

included.

102 -
<
E, (eV)
—eo— RTNO:N=3.7 at. % 0.0697
, | —~— DPNO:N=3.0at. % 0.0644
10° 1 —»— DPNO:N=8.0at. % 0.0574
—o— DPNO: N = 15.0 at. % 0.0569

28 30 32 34 36 38 40
1/KT (eV™)
Figure 5.2: Arrhenius plots of the pre-factor A for different nitrided gate oxide

samples. The activation energies (E,) obtained from the Arrhenius plots are also

summarized in Table 5.1. The NBTI stress is carried out at Vg, = -2.2'V for 1000s.
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The extracted A and n values for all the samples are summarized in Tables 5.2 and
5.3, respectively. In an ideal case, Arrhenius plot of A as a function of 1/kT can be
constructed to extract the activation energy (E,). As shown in Fig. 5.2, E, for all the
samples are in the range of 0.056 ~ 0.070 eV. E, of RTNO sample with N = 3.7 at. %
is larger than that of DPNO samples, while for DPNO samples, E, decreases with
increasing nitrogen concentration. In other words, as compared with DPNO samples,
RTNO sample exhibits a stronger temperature dependence of NBTI, and the
temperature dependence for DPNO samples is weaker for higher interfacial nitrogen
concentration. However, Table 5.3 shows that n values for different samples are not
constant and they seem to follow a general trend for all the samples, i.e., n slightly
increases with temperature. According to previous studies [138-140], this strongly

suggests that a dispersive diffusion should be involved in the NBTI process.
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Vo =22V
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L
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0.02 1 _o_ AV, att=100s
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0.00 T ; , .
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Figure 5.3: E, extracted from Arrhenius plots of A and AVy, for stress time t = 1, 10,
100, and 1000 s for different samples: sample 1 is RTNO sample with N concentration
of 3.7 at. %, and samples 2, 3 and 4 are DPNO samples with N concentration of 3.0,

8.0 and 15.0 at. %, respectively. The NBTI stress is carried out at Vg, = -2.2 V.

132



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Nitrogen-enhanced NBTI in p-MOSFETs

Sample No. Nat. % t=1s t=10s t =100s t =1000s
1 RTNO 3.7 0.0584 0.0748 0.0752 0.0717
2 DPNO 3.0 0.0592 0.0711 0.0812 0.0857
3 DPNO 8.0 0.0509 0.0641 0.0661 0.0746
4 DPNO 15.0 0.0577 0.0598 0.0675 0.0697

Table 5.4: Summary of E, (in eV) obtained from the Arrhenius plots of AV, for stress

time t = 1, 10, 100, and 1000s. The NBTI stress is carried out at Vg, = -2.2 V.

To further confirm this, several other Arrhenius plots of AVy, at stress time ¢ = 1,
10, 100, 1000 s are also constructed to extract E,, and the results are summarized in
Table 5.4 and plotted in Fig. 5.3. As can be clearly seen in the figure, E, is not
constant for each sample. In addition, there is no consistent trend for all the four
nitrided oxide samples, which also strongly indicates a non-Arrhenius behavior of
NBTI. Therefore, we should take the dispersive nature of hydrogen diffusion into

account in order to build a more reliable NBTI model.

5.3 Physical Modeling of NBTI

5.3.1 Analytical Reaction-Dispersive-Diffusion Model for NBTI

Based on the analytical R-D model discussed in section 4.2, Chapter 4, within the
framework of standard R-D model [61, 68], by incorporating the dispersive nature of
hydrogen-related diffusing species, i.e. Dy = Dro(vt)™, we can solve the basic set of
the reaction equation (Eq. (4.1)), the diffusion/drift equation (Eq. (4.2)) and the
conservation equation (Eq. (4.4)), with the same approach as the analytical R-D model,

and thus interface trap generation Nj is obtained as shown in Eq. (5.2):

133



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 5 Nitrogen-enhanced NBTI in p-MOSFETs

2 2
N, (r)= M- £ Nof (52)
1+\1+4AB,t * [

[ AP } 1+ 1+4kFN01k7Rt 2

where A, =k,N, and B, =2kR/(DHOVﬁ’1)%.

From Eq. (5.2), two distinguished regimes can be observed for the N;; generation:

t4-pr2

1). the reaction-limited regime (when 448y << 1), in which

N, (1)=Agt=k.N,t (5.3)

(P2

and 2) the diffusion-limited regime (when 4AB >> 1), in which

Aoﬁ kFNO /Hlﬁ
N. (t)= [2t* = |-=—2(D, v’ )4t 5.4
()= [ = [ () 54

In the reaction-limited regime, Eq. (4.7) clearly shows that Nj; generation increases
linearly with time, which is also suggested by Alam, er al. [132, 133], while in the
diffusion-limited regime, Eq. (5.4) gives the power-law time-dependence with an
exponent factor n of f/4 for dispersive diffusion, being consistent with the previous
studies [138-140]. For the ideal case of non-dispersive diffusion (i.e., f = 1), the
power-law factor n becomes 1/4. As discussed previously in Chapter 4, the analytical
R-D model is quite preliminary, which was developed at the early stage of my work
and corresponds to the ideal case of non-dispersive diffusion. With more evidence
from the experimental results, as discussed in section 5.2, the dispersive nature of
hydrogen should be taken into account, and regardless of oxide or nitrided oxide, the

dispersive diffusion is believed to govern the time kinetics of NBTL.
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Figure 5.4: Interface trap generation AN, as a function of NBTI stress time. AN is

calculated with the reaction-limited regime (R-regime) model (i.e. Eq. (5.3)),

diffusion-limited regime (D-regime) model (i.e. Eq. (5.4)), and analytical R-DD model

(i.e. Eq. (5.2)), respectively. n is the power-law factor, p (0<f<I) is the dispersion

parameter, and V is the characteristic frequency.
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Figure 5.5: Linear plot of power-law factor n as a function of kT to extract the

characteristic energy scale Ey for different nitrided gate oxides samples.
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With Eq. (5.2), simulated data with different £ values can be obtained and the
results are shown in Fig. 5.4. As can be seen from the figure, Eq. (5.2) can accurately
describe both the reaction-limited and diffusion-limited regimes. From the definition

of the dispersion parameter /5, one can get the n factor:

. g 3 f_go (5.5)

From the experimentally-extracted n factors as summarized in Table 5.3 and also
shown in Fig. 5.5, the characteristic energy scale Ej can be obtained with Eq. (5.5) for
all the nitrided oxide samples with a compensation of n by subtracting a constant .
The Ej result is summarized in Table 5.3 and also plotted in Fig. 5.5. Note that ng
could be an indicator of the measurement effect on NBTI. In an ideal case, with no
measurement delay (which is practically not achievable), ny should be 0. E, for the
RTNO sample with N = 3.7 at. % is much higher than those for DPNO samples,

which indicates that the n factor of the DPNO samples has stronger temperature

dependence than that of the RTNO sample.

On the other hand, for DPNO samples, Ej increases gradually with increasing
interfacial nitrogen concentration. Moreover, ny values for DPNO samples with
different interfacial nitrogen concentrations are quite comparable, with a same value
of ~0.12, which is about 0.06 lower than that of RTNO sample. The results further
confirm that, not only the interfacial nitrogen concentration plays a role in
nitrogen-worsen NBTI, but also the nitrogen depth profile in nitrided gate oxide has a

significant impact on NBTI.

To further confirm this, we have used the activation energy concept by removing

the non-Arrhenius part from the right side of Eq. (5.4) to make it Arrhenius; in other
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words, instead of using A and AVy, we would use AWPD and AVth/{v(ﬂ'l)MtzZ /4} to
extract the activation energy E, again with the previous results in Fig. 5.1 and Table
5.2. The new E, values are summarized in Table 5.5 and also shown in Fig 5.6. The E,
values extracted with either AV and AVy/ {v(ﬂ’l)/ 4,B/4} for different stress time are
quite consistent for each sample. The E, value of the RTNO sample is higher than
those of the DPNO samples, but there is no significant difference in the E, values
among the DPNO samples with different interfacial nitrogen concentrations. This
suggests that F, might be more related to the nitrogen profile rather than the
interfacial nitrogen concentration. However, E, obtained here, with the dispersive
nature of hydrogen diffusion taken into account, is quite difficult to establish a direct
relationship with the bond-breaking of Si-H at the interface, hydrogen hopping, NBTI
reaction and hydrogen diffusion, since the dispersive hydrogen diffusion would have
made the NBTI process more complicated. Moreover, regarding the comparison of the
extracted values for E,, since the dispersive hydrogen diffusion plays an important
role in NBTI and also complicates the NBTI process, E, extracted in section 5.2.2 and
previously may not be so meaningful, although it still gives some clues as discussed
above. Another minor reason is that, even if the activation energy is still valid for
NBTI, i.e., assuming the ideal case of non-dispersive process, many factors can still
affect the extracted values, such as devices specification, sample preparation, test
methodology, etc., and thus the comparison may not be meaningful at all, unless all
the conditions for two samples are identical, as discussed above for DPNO samples.
On the other hand, as shown in Fig. 5.1 (a) and (b), we can observe larger NBTI
degradation for the DPNO sample with higher interfacial nitrogen concentration,
which can be mainly due to the increase in the initial density (Vo) of the trivalent Si-H

bonds at the interface and the increase in the diffusion constant (Dyg) as well.
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Figure 5.6: The activation energy E, extracted from the Arrhenius plots using either

A(= AWP) or AV (= AV VP P7]). The NBTI stress is carried out at Vg = -2.2 V

for 1000 seconds.

Sample No. Nat. % A’ t=1s t=10s ¢t=100s ¢=1000s

1 RTNO 3.7 0.0649  0.0535  0.0682 0.0668 0.0615
2 DPNO 3.0 0.0420  0.0367  0.0404 0.0421 0.0383
3 DPNO 8.0 0.0400  0.0335  0.0402 0.0357 0.0378
4 DPNO 15.0 0.0428  0.0435  0.0405 0.0429 0.0399

Table 5.5: Summary of activation energies E, (eV) obtained from Arrhenius plots of

A'(= A/v(ﬂ'lw) or AVy’ (= AVy/[ v(’BJWtM]) at Vegr = -2.2 V for various stress time t.

5.3.2 Influence of Dispersive Hydrogen Diffusion in Nitrides Gate Oxide

on NBTI

To further examine the influence of dispersive hydrogen diffusion in the nitrided
gate oxide on NBTI by using the analytical R-DD model, the experiments are carried

out at different stress temperatures (7y,) in a wider range of 25-225°C. Figure 5.7
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shows the measured and simulated interface trap generation ANy as a function of
stress time under the stress condition of Vi =-2.2 V and T, = 25 °C for the DPNO
samples. As discussed previously in section 4.2, Chapter 4, the analytical R-D model
can reasonably-well describe the NBTI results at Ty, = 125 °C for the DPNO samples
with a constant power-law factor of 1/4. However, as shown in Fig. 5.7, at lower Ty, =
25 °C, especially for the DPNO sample with higher interfacial nitrogen concentration
of 15.0 at. %, the analytical R-D model can no longer well match the measured NBTI
results in the diffusion-limited regime. Instead, by taking the dispersive hydrogen
diffusion into account, the analytical R-DD model can well describe the NBTI results
in all three regimes, namely, the reaction-limited, transition and diffusion-limited

regimes at any stress conditions.
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— Analytical R-DD model (n=p/4)
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Figure 5.7: Simulations to the experimental result of the stress time dependence of
interface trap generation AN, The NBTI stress was carried out at the voltage Vs =
-2.2V and the temperature Ty, = 25°C. The simulation was carried out with either the

analytical R-D model [9] or the analytical R-DD model (i.e., Eq.(1)).
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This is further verified in Fig. 5.8. As can be seen in the figure, rather than a
constant of 1/4, the power-law factor # is linearly dependent on the stress temperature
Ty and the measured n values can be well predicted by the trends calculated with the
analytical R-DD model for the DPNO samples with different interfacial nitrogen

concentrations in a much wider range of stress temperature.

Besides, the n value is found to be lower for a higher interfacial nitrogen
concentration, which suggests a stronger hydrogen dispersive diffusion in nitrided
gate oxides with higher nitrogen concentration. According to the analytical R-DD
model, the n factor depends on the characteristic energy scale Ejy, which is actually
due to the dependence of Ejon the interfacial nitrogen concentration. As can be seen
in Fig. 5.9, E, increases as the interfacial nitrogen concentration increases, and a
lower n value is resulted for a higher nitrogen concentration. This indicates that the
hydrogen dispersive diffusion is enhanced by the interfacial nitrogen in terms of the

increase of Ej.
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Figure 5.8: Dependence of the power-law factor n on the stress temperature Tg,.
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Figure 5.9: Influence of the interfacial nitrogen concentration on the power-law factor

n in terms of the dependence of n on the characteristic energy scale Ej.

It can be concluded from Eq. (5.4) that the dispersive diffusion can lead to a non-
Arrhenius behavior in the Arrhenius plot of the pre-factor A versus 1/kT due to the
temperature dependence of dispersion parameter f. This is confirmed by the NBTI
experiment, as shown in Fig. 5.10. As can be seen in this figure, a higher interfacial
nitrogen concentration causes a more significant non-Arrhenius behavior, which is
due to the dependence of Ej on the nitrogen concentration. Fig. 5.10 also shows that
the A value is higher for a higher interfacial nitrogen concentration, indicating that
NBTI degradation is worsen by more nitrogen content in nitrided gate oxide. The
early work by Zhang et al. [221] shows that AV, increases for a lower measurement
temperature for a fixed number of defects. Based on this, the non-Arrhenius behavior
in Fig. 5.10 would be much worse when eliminating the effect of AVy, increase for a
lower measurement temperature, because AVy, and thus A is expected to be higher

under higher temperature stress (i.e. lower 1/kT) when measured at room temperature.
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Figure 5.10: Arrhenius plots of pre-factor A. The lines are for guiding the eyes only.

5.4 Atomic Modeling of NBTI

To further understand the origin of nitrogen-worsen NBTI, atomic modeling of
NBTI for both pure and nitrided gate oxide (i.e. SiO, and SiOxNy) is carried out via
first-principles calculation. First-principles calculation has been performed using a
linear combination of hybrid gradient-corrected density functional theory method with
Becke’s exchange function [222] and the Lee-Yang-Parr correction function [223] for
all electronic structure calculations. The electronic structure is expanded using a
mixed Gaussian basis set with split-valence-type and polarization functions on all
atoms and the dangling bonds at exposed surface of the clusters are saturated with
hydrogen atoms. Indeed, with first-principles calculation, Tan et al. [36, 110, 212, 213,
218] have already done many works to examine the effect of nitrogen acting either as
the reaction site or as adjacent atoms at the interface on NBTI, and thus in this section,

only some highlights of the nitrogen effect on NBTI in terms of the reaction energy,
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electro-negativity and atomic charge distribution of nitrogen, oxygen and silicon
atoms at the interface, are given, mainly to further explain the nitrogen-worsen NBTI
phenomenon that has been observed experimentally and analyzed with the analytical
R-DD model in previous sections 5.2 and 5.3, respectively. More details on atomic

modeling of nitrogen-worsen NBTI can be found in our published work [219].

5.4.1 Atomic Modeling of Nitrogen Effect on NBTI

As NBTI degradation could be mainly attributed to a two-stage process that
consists of a hydrogen-originated hole-trapping electrochemical reaction [61, 68] at
the interface and subsequent hydrogen diffusion, the reaction energy (Er) of this
electrochemical reaction can be used to examine the effect of nitrogen on NBTI. More
specifically, the hydrogen-originated hole-trapping reaction for pure and nitrided

oxide, i.e., the overall NBTI reactions, can be described as follows [212, 213]:

At the Si/Si10, interface:

Si-H + Si-O-Si + 4" <> Si- + Si-0™-Si (5.6)

At the Si/SiONy interface:

Si-H + Si,-N-Si + i* & Si- + Si,-N"™-Si 5.7

where Si-H is the hydrogen-terminated trivalent Si bond, Si-O-Si and Si,-N-Si stand
for the bridging oxygen and nitrogen at the interface, respectively, A" is the
positively-charged hole in the inversion layer, Si- is the positively-charged silicon

dangling bond that acts as an interface trap, Si-O"™-Si and Si,-N"*-Si are the
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positively-charged oxide traps where the hydrogen-related species might diffuse away
from the interface. The interface traps (Si-) are generated from the dissociation of
hydrogen-terminated trivalent Si bonds (Si-H) by interaction with cold holes (k") in

the inversion layer at the interface during the NBTI stress.

On the other hand, for the hydrogen ion trapping reaction as in the previous
studies [36, 110, 218], from first-principles calculation, the reaction energy Eg is
obtained to be -8.51eV or -9.54eV for the pure oxide or nitrided oxide, respectively.
The negative sign of Er indicates that the trapping process is exothermic and a more
negative Er indicates that the NBTI reaction will occur more readily. Therefore, the
likelihood of the hydrogen ion to be trapped at the nitrided oxide interface is much
higher than that at the pure oxide interface. In other words, the nitrogen atom is a
more effective hydrogen trapping center as compared to the oxygen atom. Although
the nitrogen effect as discussed above is mainly based on the hydrogen ion trapping
reaction, which could be quite different from the overall NBTI reactions as shown in
Eq. (5.6) or (5.7), the hydrogen ion trapping could be treated as the part of the overall
NBTI reactions. Moreover, the overall NBTI reactions as shown in Eq. (5.6) or (5.7)
do not specify the hydrogen-related diffusing species (H°, H*, or H,). Therefore,
based on the similar nature of hydrogen species, it may still lead to a general
conclusion that the reaction energy of the hydrogen-originated hole-trapping reaction

at the nitrided oxide interface is lower than that at the pure oxide interface.

Indeed, when the oxygen or nitrogen acts as the hydrogen-originated hole
trapping center, the reaction energy Eg of the overall NBTI reactions as shown in Eq.
(5.6) or Eq. (5.7), can be obtained with first-principles calculation to be 8.84eV or

7.81eV, respectively [212]. A lower Eg for nitrogen acting the reaction site, i.e., Eq.
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(5.7), indicates that nitrogen is a more effective hole trapping center than oxygen. As
a result, NBTI for nitrided oxide is expected to be worse than that for pure oxide.
Moreover, at the actual nitrided oxide interface, oxygen and nitrogen co-exist as the
reaction sites, i.e., both NBTI reactions as shown in Egs. (5.6) and (5.7) occur upon
NBTI stress. This implies that the actual NBTI reaction energy Eg for the nitrided
oxide is between 8.84eV and 7.81eV. More specifically, Eg for a lower nitrogen
concentration at the interface is higher and approaching to 8.84eV if the nitrogen is
zero, whereas a higher nitrogen concentration leads to a lower Er value that becomes
7.81eV when all the oxygen bridging atoms at the interface are replaced by nitrogen.
Therefore, it can be used to well explain why NBTI degradation is much worse for
DPNO sample with higher interfacial nitrogen concentration. A higher interfacial
nitrogen concentration means more nitrogen as the bridging atoms, which results with
lower Er for the overall NBTI reaction at the interface, and thus more NBTI

degradation is expected for a higher interfacial nitrogen concentration.

Moreover, instead of acting as the reaction site at the interface, the nitrogen may
also replace the oxygen in the gate oxide. Since NBTI reaction is believed to occur
mainly at the interface, only adjacent nitrogen near the interface is considered. More
specifically, by taking the Si-O-Si system in the NBTI reaction as shown in Eq. (5.6)
for example, one of the two Si atoms in the simplified Si-O-Si system is in the oxide
and thus terminated by three adjacent oxygen atoms, i.e. Si-O-Si-O; (assuming that Si
at the right-hand side is in the gate oxide). When nitrogen is incorporated, it may
replace the adjacent oxygen atoms. The nitrogen may replace one, two or three
adjacent oxygen atoms, and thus Si-O-Si-O3 will become Si-O-Si-NO,, Si-O-Si-N,O
or Si-O-Si-Nj, respectively. Similarly, first-principles calculation can be carried out

for these modified NBTI reactions with nitrogen as the replacement of adjacent
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oxygen atoms near the interface, and the reaction energy Er can be obtained. Here, for
simplicity and comparison purpose as well, relative reaction energy AEy is introduced
here, and the relative reaction energy AER is defined as AEr = Eg - Er o, Where Egry is
the reference reaction energy for the pure oxide, i.e. 8.84eV for the reaction as shown
in Eq. (5.6). Therefore, the effect of adjacent nitrogen atoms in terms of the relative
reaction energy AER for either oxygen or nitrogen as the trapping center can be
examined with first-principle calculation and the results are shown in Fig. 5.11. Figure
5.11 also shows the effect of vacancy defect as the trapping center on the NBTI
reaction energy and the effect of adjacent nitrogen atoms for vacancy defect as the
trapping center as well. When the vacancy defect (denoted as “Si-V-Si”) at the

interface acts as the trapping center, the overall NBTI reaction is as follows:

Si-H + Si-V-Si + 1" & Si- + Si-VI*-Si (5.8)

As can be seen from Fig. 5.11, regardless of the type of the trapping center at the
interface, AER decreases as the number of adjacent nitrogen atoms increases. The
negative AER indicates that the NBTI reaction at the nitrided oxide interface occurs
more readily than that at the pure oxide interface. Moreover, the lower AER due to the
incorporation of nitrogen as the adjacent atoms near the interface further confirms that
the nitrogen worsens NBTI for all cases. In other words, more nitrogen, either as the
reaction site at the interface or by replacing the adjacent oxygen near the interface,
leads to lower reaction energy and thus higher NBTI degradation. One possible
explanation is given as follows. As compared with the oxygen atom, the nitrogen
atom acts as a more effective trapping center, and thus with the existence of nitrogen
trapping center at the interface or the adjacent nitrogen atoms near the interface, the

reaction site or the cluster becomes more effective to trap positive charges such as
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holes or hydrogen ions. Therefore, the reaction becomes easier and thus AEy is lower
with more adjacent nitrogen atoms. Similarly, with the same number of adjacent
nitrogen atoms, AER for nitrogen as the trapping center should be also lower than that
for oxygen as the trapping center. Nevertheless, as can be seen in Fig. 5.11, although
nitrogen is a more effective trapping center than oxygen, they follow a similar
dependence on the effect of adjacent nitrogen, whereas hole trapping at the vacancy

defect has the strongest dependence on the effect of adjacent nitrogen.

1.0
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S —=—Vacancy Defect
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>
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Figure 5.11: Relative reaction energy AER as a function of the number of adjacent
nitrogen atoms for three possible types of trapping centers at the interface, namely,

vacancy defect, oxygen and nitrogen.

5.4.2 Nitrogen Effect on Atomic Charge Distribution

To provide further evidence of the nitrogen effect on NBTI, atomic charge
distribution of nitrogen, oxygen and silicon atoms at the interface is also obtained

with first-principles calculation by using three different approaches: Mulliken atomic
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charge analysis [224], Chirlian-Francll interface cluster model [225], and natural

population analysis [226].
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Figure 5.12: Comparison of the atomic charge for the bridging oxygen or nitrogen
atom in Si-O-Si or Si>-N-Si system, respectively, by using three different approaches:
(1) Mulliken atomic charge analysis [224], (2) Chirlian-Francll interface cluster

model [225], and (3) natural population analysis [226].

Due to dipole effect, all three methods assign bridging oxygen or nitrogen atom
with a negative charge and Si atoms with positive charges. As a result, the bridging
oxygen or nitrogen atom would become an effective trapping center for the positive
charges such as holes and hydrogen ions. As can be seen from the Fig. 5.12, although
the magnitude of the negative charge assigned to the bridging oxygen or nitrogen
atom differs for different methods, all three approaches consistently give the same
trend that nitrogen acting as the bridging atom has a larger negative atomic charge
than oxygen, which in turn confirms that nitrogen is a more effective

hydrogen-originated hole-trapping center than oxygen.
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Moreover, as the number of adjacent nitrogen atoms increases, localized
structures at the interface are expected to become stronger negative centers and thus
become even more effective localized trapping sites for holes or positive ions.
Therefore, the atomic charge distribution of nitrogen, oxygen and silicon atoms at the
interface can help explain the results of worse NBTI degradation with incorporation

of nitrogen as the adjacent atoms near the interface.

5.5 Summary

In summary, nitrogen-worsen NBTI has been systematically studied by
experimental investigations, physical modeling and atomic modeling. NBTI for the
nitrided gate oxide is well described by an analytical reaction-dispersive-diffusion
(R-DD) model in diffusion-limited regime, and it is found that both the interfacial
nitrogen concentration and the nitrogen profile in the nitrided oxides play important
roles in the nitrogen-worsen NBTI. The influence of dispersive hydrogen diffusion in
nitrided gate oxides on NBTI has been examined and the NBTI experiments verify
that the R-DD model can well explain NBTI degradation including its dependence on
the stress time, stress temperature and interfacial nitrogen concentration, and its
power-law behaviors as well. Lastly, first-principles calculation is carried out to
examine the effects of nitrogen acting as either the reaction site or the adjacent atoms
at the interface, in terms of the NBTI reaction energy, electro-negativity and atomic

charge distribution of nitrogen, oxygen and silicon atoms at the interface.
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CHAPTER 6 IMPACT OF PROCESS TECHNOLOGIES

ON NBTI

In this chapter, NBTI degradation in p-MOSFETs is thoroughly investigated and
the impact of advanced process technologies on NBTI is examined. Stress proximity
technique can improve NBTI significantly while laser spike annealing is found to
worsen NBTI. Moreover, characterization of NBTI in high-performance devices with
ultrathin gate dielectrics is carried out. In particular, the impact of post-nitridation
annealing on NBTI is investigated. It is observed that NBTI in the high-performance
devices can be quite pronounced even at or slightly above the operating voltage and
thus NBTI in p-MOSFETs with ultrathin gate dielectrics would become one of the

most critical device reliability challenges for further down-scaling.

6.1 Introduction

For advanced technology nodes, CMOS scaling has been mainly driven by
stress-induced mobility enhancement techniques. In other words, stress engineering
and material innovations have replaced geometric scaling as the main contributors to
continuous improvement in CMOS devices. For n-MOSFETs, stress memorization
technique (SMT) [203, 204] has been widely integrated with the tensile stressed
nitride liner [198, 199, 205, 206, 227, 228] in order to boost electron mobility,
whereas for p-MOSFETs, localized compressive strain along the channel direction can

be induced by various techniques, such as compressive stressed nitride liner [198, 199,
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205, 206], embedded SiGe in source/drain region [227, 228], and stress proximity
technique (SPT) [198, 199] as well. Moreover, laser annealing (LA) or laser-spike
annealing (LSA) [200-202] has been extensively studied and thus integrated into the
process, mainly to activate source/drain dopant more effectively, minimize dopant
out-diffusion and thus enhance device performance. On the other hand, in order to
meet stringent electrical specifications, process innovation and optimization have
become very critical and necessary, especially for further development of the

high-performance devices with ultrathin gate dielectrics.

For sub-90nm technology nodes, NBTI in p-MOSFETs with ultrathin nitrided
oxide as the gate dielectrics has become one major device reliability issue and starts to
limit the lifetime of CMOS device [31]. Various kinds of new process techniques, as
mentioned above, have been incorporated into the generic wafer-manufacturing
process flow in order to boost device performance. However, their impact on NBTI
has not been well understood yet. Therefore, it is of great interest to examine the
impact of these new process techniques on NBTI. In this chapter, the characterization
of NBTI in 65nm or 45nm p-MOSFEFs with various new process technologies is
carried out, and the impact of these process technologies on NBTI in both

lower-power and high-performance p-MOSFETs is examined.

6.2 Impact of Stress Proximity Technique on NBTI

In order to boost device performance, stress engineering, such as stress
memorization technique (SMT) [203, 204] and dual stress liner (DSL) [198, 199, 205,

206] and NiSi salicidation [229, 230], is widely explored. Stress proximity technique
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(SPT) [198, 199] is another effective performance-enhancement technique particularly
for p-MOSFETs. SPT is inserted after salicidation by removing the off-set spacer 2 in
order to maximize the stress proximity effect and thus enhance the strain transfer into

the channel during subsequent deposition of the compressive nitride stress liner.

¢ Shallow Trench Isolation

Well & Vth Adjust

Gate Oxide Growth

Poly Gate Formation

Spacer 0/1

Source/Drain Ext/Halo Implants
Spacer 2

Source/Drain Implants

Salicidation

Stress Memorization Technique (SMT)

Dual Stress Liners (DSL)
Y Metallization

Figure 6.1: Schematic diagram of CMOS fabrication process flow with SPT.

No SPT

Figure 6.2: SEM cross sections of devices with and without SPT. After [198].

A schematic diagram of CMOS process flow with SPT is shown in Fig. 6.1, and
SEM cross sections of devices with and without SPT are shown in Fig. 6.2. As can be
seen in Fig. 6.2, SEM cross section clearly shows that, for the device with SPT, only

the L-shaped spacer 1 remains after the removal of spacer 2, and thus the stress
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proximity effect can be largely enhanced during subsequent nitride stressor deposition,

which in turn improve the device performance significantly.
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Figure 6.3: Comparison of device performance between p-MOSFETs with and without

SPT. About 19% 1,, improvement is achieved by SPT process.

Figure 6.3 clearly shows that SPT can improve the electrical performance of
p-MOSFETs by as much as 19%, which agrees quite well with the previous report
[198]. However, no study has been reported on NBTI in p-MOSFETs that are
fabricated with the SPT process, although the impact of SPT on NBTI is critical to the
process qualification and optimization. In this section, the impact of SPT on NBTI is
investigated, and the impact is correlated to the change in stress profile in the device
induced by SPT, based on the first-principles calculation of NBTI reactions and the
simulation of stress in the MOSFETs. In particular, the simulation of stress change in
the device is used to examine the impact of SPT-induced stress on NBTI. Since it is
difficult to accurately measure the actual stress in the device, the simulation provides

a simple and effective way to investigate the change in stress induced by SPT. The
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simulation shows a significant reduction in stress along the vertical direction at

interface, which is believed to be responsible for the improvement of NBTI by SPT.

6.2.1 Experimental

The p-MOSFETs used here were fabricated by 65 nm low-power process either
with or without SPT. The nitrided gate oxide thickness for both samples with and
without SPT is the same, about 17.5 A, since the additional spacer removal for SPT
process is carried out after the growth of gate oxide and poly-Si gate and there is no
extra thermal process as well. The channel width is 2 um and the channel length is 60
nm. The nominal operating voltage (Vyq) is -1.2 V. For the NBTI stress conditions, the
stress temperature (7;) is in the range of 25~125 °C and the gate stress voltage (V)
is from -1.6 V to -3.0 V, and the default stress condition corresponds to Ty, = 125 °C
and Vgyr = -2.3 V. To minimize the recovery during NBTI characterization, the
single-point saturation drain current (/ys,) measurement [182] is used to extract the
threshold voltage shift (AVy,). Moreover, the conventional /-V measurement method
and 1* on-the-fly (OTF) measurement method [40, 152] in a short time range are also

conducted to re-confirm the trend observed by using the single-point /45, method.

6.2.2 Impact of SPT on NBTI: Experimental Results

The improvement of NBTI by SPT can be clearly seen from Fig. 6.4 through the
comparison between the samples with and without SPT. Figure 6.4(a) shows the

comparison of the dependence of threshold voltage shift (AVy,) on stress time (¢) in the
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diffusion-limited regime, which is commonly observed and well explained by the R-D
model [10]-[15]. Both samples show power-law time dependence of AVy,, but NBTI
in the sample with SPT is much lower than that without SPT for a given stress time.
Figure 6.4(b) shows the comparison of the stress-temperature (7y.) dependence of
AVy. AVy, of the sample with SPT is significantly smaller than that without SPT at any
stress temperatures. As can be seen in Fig.6.4(b) also, relative NBTI improvement by
SPT, defined as (AVinNospt - AVinspT)/AVinNospT X100%, where AVi, nospT and AV, spr
are the threshold voltage shifts of the samples without and with SPT under the same
condition, respectively, is larger at a higher stress temperature. Figure 6.4(c) shows
the comparison of the stress-voltage (V) dependence of AVy. As can be seen in the
figure, AVy, is reduced by SPT regardless of stress voltage, and the relative NBTI
improvement by SPT is more significant at lower stress voltage. Larger relative NBTI
improvement by SPT at lower gate voltage implies that improvement of NBTI by SPT
at the nominal operating voltage (Vyq) is even more significant than that at gate stress
voltage of -2.3 V. In other words, SPT would give a much lower NBTI-induced AVy,

at Vyq and thus yield a much longer device lifetime.
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Figure 6.4: Comparison of NBTI degradation between the samples with and without
SPT. (a) The threshold voltage shift (AVy,) is measured as a funtion of stress time (t) at
gate stress voltage (Vgg) of -2.3 V and stress temperature (Ts,) of 125 °C; (b) AVy, is
measured as a funtion of Ty, at Vey, = -2.3 'V for stress time of 100 s; and (c) AVy, is
measured as a funtion of Ve at Ty, = 125 °C for stress time of 100 s. The relative

NBTI improvement by SPT is shown in (b) and (c). The lines are for guiding eyes only.
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Figure 6.5: Comparison of NBTI degradation between the samples with and without
SPT and the relative NBTI improvement by SPT as a function of channel length. The

stress voltage is -2.3 'V, stress temperature is 125 °C, and stress time is 100 s.

Moreover, Figure 6.5 shows the influence of SPT on the channel-length
dependence of NBTI-induced AVy,. As can be clearly seen in the figure, although
NBTI degradation is more siginifcant for shorter channel length, the relative NBTI

improvement by SPT is larger for shorter channel length.

6.2.3 Impact of Interfacial Strain on NBTI: First-principles Calculation

The improvement of NBTI by SPT could be related to changes of stress in the
MOSFETs induced by SPT. SPT is believed to enhance the transfer of compressive
strain into the channel, which boosts hole mobility and thus improves device
performance [198]. However, how strain affects NBTI is not clear yet, and hence in
this section, first-principles calculation is carried out to examine the effect of strain on
NBTI. Since the change in bond angle in the atomic structure could be a good

indicator of strain, the bond angle is changed in a certain range (40°) from the one
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obtained at the equilibrium stage to simulate the strain in the atomic structure, and
subsequently the geometry of the atomic structure is optimized for all other degrees of
freedom, e.g., at equilibrium, the bond angles £Si-Si-H and £Si-Si-Si in the Si3-Si-H
structure are obtained to be 108° and 110.86° respectively. With strain, the bond
angles ZSi-Si-H and £Si-Si-Si are varied in the ranges of (108° + 40°) and (110.86° £
40°), where positive sign indicates tensile strain along channel direction and negative
sign indicates compressive strain. Based on the R-D model [68, 132, 133, 211, 219],
NBTI degradation can be well explained by cold-hole assisted dissociation of
hydrogen-terminated trivalent silicon bonds (Si-H) at the interface, the effect of strain
on the Si-H dissociation process is examined first in terms of the change in Si-H
bonding energy (AEg). Figure 6.6(a) shows AEg as a function of the change in bond
angle of Z£Si-Si-H or £Si-Si-Si in the Si3-Si-H structure. As shown in the figure,
under either compressive or tensile strain, the Si-H bonding-energy (Ep) decreases
with the strain. This means that the Si-H bond becomes weaker when the strain is

higher. In other words, the strain is favorable to the Si-H dissociation.
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Figure 6.6: (a) Change in Si-H bonding-energy (AEg) as a function of change in bond
angle (AOp); and (b) change in NBTI reaction energy (AER) as a function of AOg, The
values of Si-H bonding-energy and NBTI reaction energy corresponding to the bond
angle in equilibrium (i.e., AOg = 0) are taken as references. In (a), the bond angle is

either £Si-Si-H or £Si-Si-Si in the Si3-Si-H structure at interface; and in (b) the bond

angle is £Si-0-Si and £Si-N-Si for pure oxide and nitrided oxide, respectively.

On the other hand, the effect of strain on the NBTI reaction energy (Er) is also
investigated. Similarly, the bond angle £Si-O-Si or £Si-N-Si at pure or nitrided gate
oxide interface, respectively, is changed in a certain range (£30°) to simulate the strain
effect. The hydrogen-originated NBTI reaction is examined by using first-principles
calculation and the change in NBTI reaction energy (AER) as a function of the change
in bond angle (A#p) for both pure oxide and nitrided oxide is obtained and shown in
Fig. 6.6(b). As shown in the figure, the reaction energy decreases as the change in

bond angle becomes larger, indicating that the NBTI reaction is worsen by either
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compressive or tensile strain. Moreover, Fig. 6.6(b) clearly shows that the impact of
strain on NBTI degradation is more severe in nitrided oxide than that in pure oxide,
which raises another critical issue that the nitrogen-worsen NBTI effect will become
more pronounced when the stress/strain at nitrided oxide interface increases. It is clear
from the above discussions that the strain worsens NBTI degradation in terms of the

reductions in both Si-H bonding-energy and NBTI reaction energy.

6.2.4 Impact of SPT on Stress Transfer: Process Simulation

To understand the improvement of NBTI by SPT, it is necessary to know the
change in SPT-induced stress in the MOSFETs. A simulation of the stress profile in
the MOSFET with SPT is done with TCAD process simulator. The simulated process
flow is briefly described as follows. Process simulation starts with the initialization of
mesh and mask drawing for the p-channel devices, followed by well definition and Vi,
adjustment implantation. The subsequent step is gate stack growth, which mainly
consists of ultra-thin gate oxide growth and poly-Si gate definition. The thickness of
nitrided gate oxide is about 12A and the channel length is 50nm. After the gate stack
growth, spacer 1 is deposited, followed by extension/halo implant in source/drain
(S/D) region, and then spacer 2 is deposited, followed by S/D implant. A subsequent
spike annealing is carried out, mainly for S/D dopant activation. SPT process is
inserted by removing the spacer 2, and lastly DSL process is used, which in particular
for p-MOSFETs corresponds to the deposition of 3.0 GPa compressive stressed
nitrided liner. One-dimensional simulation results including the device structure,

dopant profile and stress distribution are obtained for devices with and without SPT.
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Figure 6.7: Definitions of the directions for device simulation.

Definitions of the directions for the device simulation are shown in Fig. 6.7: the
channel direction is defined as the longitudinal direction, the lateral poly-Si gate
direction is defined as the transverse direction, and the out-of-plane gate direction is
defined as the vertical direction. Moreover, for device performance, based on the
piezoresistance effect [231, 232], a compressive strain along the longitudinal channel
direction in the channel region is highly desired to boost hole mobility and thus is
most critical for p-MOSFETSs; besides, a tensile strain along the transverse direction
has less impact on improving device performance for p-MOSFETs but may still be
quite important, and a tensile strain along the vertical direction nearly has no effect on

the performance improvement for p-MOSFETs.

Stress distributions in p-MOSFETs with and without SPT can be obtained from
TCAD process simulation, and the results are shown in Fig. 6.8. From Fig. 6.8, the
main observations on stress distributions in p-MOSFETs with and without SPT,
particularly in the regions of gate oxide interface and the channel, are highlighted as
follows. Along the longitudinal (X) direction, i.e., the channel direction, a deep

encroachment of compressive stress into the poly-Si gate at the position slightly above
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the gate oxide interface can be observed for p-MOSFETs with SPT, and it clearly
indicates that the stress transfer from the compressive liner is more effective with SPT
than without SPT. Along the transverse (Y) direction, a small compressive stress is
resulted for the SPT sample near the gate oxide interface and in the channel region as
well, whereas a small tensile stress is observed for the sample without SPT.
Nevertheless, stresses along the transverse direction are quite insignificant for both
samples. Along the vertical (Z) direction, large tensile stresses are induced in the
critical regions for both samples with and without SPT. Moreover, a small
compressive stress is observed in the S/D extension area for the SPT sample, which
indicates a smaller tensile stress near that region than that without SPT. In short, SPT
largely enhances the transfer of compressive stress along the longitudinal channel
direction, which is mostly desired to boost hole mobility, and thus leads to an
improvement in device performance. However, the stress distributions in Fig. 6.8 can
only provide a qualitative comparison between the samples with and without SPT.
Therefore, further investigations on the stress profiles at the critical regions for both

samples must be conducted and the results ought to be compared quantitatively.

Positions at the interface in the oxide in the channel
(x = 0) SPT | NoSPT | SPT | NoSPT | SPT | NoSPT
Et‘;:;gsit(‘ﬁ?j)l 473 408 -182 134 462 407
SE;‘;S(V;;’EEZ) 214 24.5 -1.26 36.7 223 227
. trz’:;t(ilfj‘llja) 397 496 403 499 383 488

Table 6.1: A summary of the extracted stress values at the location (x = 0) for devices
with and without SPT along the longitudinal, transverse and vertical directions, at

three different positions: at the interface, in the oxide and in the channel.
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Figure 6.8: Stress distributions in p-MOSFETs with and without SPT along the
longitudinal (X), transverse (Y) and vertical (Z) directions. The dimension of each

device stress map is about 0.4um x 0.4um, and the channel length is 50nm.
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The simulated stress profiles (i.e., stress as a function of distance x in the channel
direction) in p-MOSFETs with and without SPT at the interface along the longitudinal
direction (i.e., the channel direction), transverse direction (i.e., the lateral direction)
and vertical direction (i.e., the out-of-plane direction), are plotted in Fig. 6.9. As can
be seen in the figure, compressive stress along the longitudinal direction is enhanced
by SPT, the small tensile stress along the transverse direction is changed to a small
compressive stress by SPT, and the tensile stress along the vertical direction is largely
reduced by SPT. In fact, the stress profiles at different positions, i.e., at the interface,
in the oxide and in the channel, can also be extracted, and the critical stress values for
devices with and without SPT at x = 0 are summarized in Table 6.1. Moreover, stress
profiles in p-MOSFETs with and without SPT as a function of distance x for the three
different positions: at the interface, in the oxide and in the channel, can also be
extracted. Figure 6.10 shows the results along the longitudinal direction as an example.
Indeed, the stress profiles along different directions at different positions can be well

represented by the critical stress values in Table 6.1.

p ———— NoSPT  Longitudinal A
200 { hv —— SPT /
!

Stress (MPa)
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Figure 6.9: Simulated stress profiles in p-MOSFETs with and without SPT at the
interface along the longitudinal (a), transverse (b), and vertical (c) directions as a
function of distance x in the channel direction. The results are directly extracted from

the device stress maps in Fig. 6.8.
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Figure 6.10: Simulated stress profiles in p-MOSFETs with and without SPT along the
longitudinal direction as a function of distance x for the three different positions: at

the interface, in the oxide (denoted by the gray color lines), and in the channel.

As discussed previously, for improvement of device performance, based on the
piezoresistance effect [231, 232], compressive strain along the longitudinal direction
in the channel region is most desired to boost hole mobility and thus is most critical
for p-MOSFETs. It is very clear from Fig. 6.10 that compressive stress in the channel
is significantly enhanced by SPT. More specifically, as given in Table 6.1, with the
deposition of the same compressive stressed nitride liner, SPT process can more
effectively transfer compressive stress of about 462 MPa along the longitudinal
direction in the channel, which is about 14% larger than that of about 407 MPa
without SPT. Therefore, SPT-induced enhancement in the transfer of compressive
stress leads to higher strain in the channel, and thus boosts hole mobility and improves

device performance.
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6.2.5 Improvement of NBTI by SPT

Although compressive stress along the longitudinal direction is significantly
enhanced by SPT, tensile stress along the vertical direction is largely reduced by SPT.
The large reduction in tensile stress along the vertical direction is believed to be
responsible for the improvement of NBTI by SPT, as discussed below. As can be seen
in Table 6.1, the reduction in tensile stress along the vertical direction is larger than
the increase in the compressive stress along the longitudinal direction by SPT for all

the positions (i.e., at the interface, in the oxide or in the channel).

Moreover, the longitudinal stress direction is less favorable for strain-induced
bond angle changes. Assuming a rigid Sis-Si-Si system near the interface, the bond
angle £Si-Si-Si can be calculated to be 109.47°, while in the Si;-Si-H system, the
bond angles ZSi-Si-H and £Si-Si-Si are obtained to be 108° and 110.86°, respectively.
Indeed, bond angle change in the rigid system due to mechanical stress/strain can be
calculated mathematically. When stress/strain is applied to the system, the bond angle
£Si-Si-Si would change accordingly. Therefore, an indicator of the overall bond angle
change should be specified, and it is defined as the sum of all possible bond angle
changes in magnitude. Moreover, when stress/strain is applied along different
directions, which could be longitudinal or vertical, the bond angle changes are also
quite different. As shown in Fig. 6.11, with the same amount of strain, the change in
the bond angle £Si-Si-Si (or £Si-Si-H) is found to be larger when the strain is along
the vertical direction than that along the longitudinal channel direction. In other words,

strain along the vertical direction has a more significant impact on bond distortion.
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Figure 6.11: Sum of the bond angle changes in magnitude as a function of the strain
induced in either vertical or longitudinal direction. Poisson’s ratio used in the

calculation is 0.28 for both directions.

As can be seen in Table 6.1, it shows that, for the sample with SPT, at the interface,
the tensile stress along the vertical direction is obtained to be 397 MPa in magnitude,
which is much smaller than that of 496 MPa for the sample without SPT. Therefore,
although SPT induces more compressive stress along the longitudinal channel
direction, which boosts hole mobility and hence improves device performance, a large
reduction in tress along the vertical direction is also achieved by SPT, and it in turn
leads to a decrease in the overall bond distortion. According to Figs. 6.6, less bond
distortion means a higher bonding-energy (i.e., a stronger Si-H bond) and a higher
NBTI reaction energy as well, and hence smaller NBTI degradation is expected for
the devices with SPT. In addition, one may also think that stress along the vertical
direction is more relevant to NBTI reaction as the electric field is along the vertical
direction during NBTI stress, and thus reduction in the strain along the vertical

direction is responsible for the NBTI improvement by SPT.
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The dependence of NBTI degradation on stress temperature, stress voltage and
channel length, as shown in Fig. 6.4(b), Fig. 6.4(c) and Fig. 6.5, respectively, can be
further discussed based on the impact of stress/strain on NBTI. The dependence of
NBTI on stress temperature could be due to the enhanced NBTI reaction at a higher
temperature or the direct or indirect impact of SPT-induced strain on the hydrogen
dispersive diffusion process in the oxide, and a better improvement by SPT at a higher
temperature could be attributed to the enhanced reduction in the vertical stress by SPT
at a higher temperature. The simulation of stress at different temperatures was carried
out and the result is summarized in Table 6.2. For both the samples with and without
SPT, as the temperature increases, the vertical and longitudinal stresses become less
tensile and less compressive, respectively, while the transverse stress remains small.
When the temperature increases from 25°C to 125°C, the reduction in vertical tensile
stress is 8.06% for the sample without SPT, while it is 9.07% for the sample with SPT.
The reduction in vertical stress by SPT is 19.96% at 25°C and 20.83% at 125°C.
Therefore, the enhanced reduction in vertical stress at a higher temperature could be
one of the reasons for the better improvement by SPT at a higher temperature.
Regarding the stress-voltage dependence, it is believed that the external stress voltage
could also enhance the distortion of Si-H bonds at interface and thus enhance the
NBTI reaction also. Although the absolute improvement of NBTI by SPT does not
have a strong dependence on the magnitude of stress voltage, the relative
improvement by SPT could decrease with the magnitude of stress voltage, which is
basically due to the fact that the NBTI-induced AVy, for the sample without SPT is
higher at a higher stress voltage. In other words, the relative NBTI improvement by
SPT should be more significant at a lower voltage, as shown in Fig. 6.4(c). The

explanation of the improvement of NBTI by SPT based on the impact of stress/strain

169



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Impact of Process Technologies on NBTI

on NBTI could be further supported by the influence of SPT on the channel-length
dependence of NBTI. As shown in Fig. 6.5, no improvement by SPT is observed for
the channel length longer than 0.8 pm, and the relative NBTI improvement by SPT is
more significant for a shorter channel length. The most possible reason for this
channel-length dependence is that the reduction in vertical tensile stress by SPT is

more significant for a shorter channel length.

Positions T =25°C T=75°C T =125°C
(x=0) SPT [ NoSPT | SPT | NoSPT | SPT | NoSPT
Longitudinal -473 -408 -448 -381 -423 -355
stress (MPa)
Transverse 214 24.5 -19.4 26.5 -17.4 28.4
stress (MPa)
Vertical 397 496 379 476 361 456
stress (MPa)

Table 6.2: A summary of the extracted stress values at the interface for devices with
and without SPT along the longitudinal, transverse and vertical directions, at three

different temperatures.

From above discussion, SPT is found to reduce NBTI degradation in p-MOSFETs
quite significantly, and the effect of stress/strain on NBTI is used to explain the
improvement of NBTI by SPT in terms of first-principles calculation and process
simulation. It is understandable that SPT can enhance the transfer of stress during
subsequent deposition of compressive stressed nitride liner by removing spacer 2,
since the resulting spacer is thinner, i.e., the distance between nitride liner and channel
is shorter. However, how it reduces the vertical tensile stress is still not so clear. It
might be qualitatively explained as follows. As can be seen in Fig. 6.2, SEM cross
sections clearly show that: the device with SPT has a thinner L-shaped spacer and
thus has a sharp corner when contacting with the nitride liner (i.e., with an L-shaped

interface), while the device without SPT has a thicker spacer, which contacts with
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nitride liner through a smoother surface of spacer 2. For the device with SPT, a
shorter distance between channel and nitride liner (due to thinner spacer) mainly
contributes to the enhanced longitudinal compressive stress, while the L-shaped
interface between spacer and nitride liner might lead to a reduced vertical tensile
stress, since compressive stress at the corner of L-shaped spacer (which is near the
edge of channel region) can be transferred more effectively in all directions and thus
partially compensate tensile stress along the vertical direction. Further process
simulation at different temperature, as shown in Table 6.2, also predicts the same
trend that SPT would reduce vertical tensile stress but increase longitudinal
compressive stress, although it is not directly proven by stress measurement since it is
difficult to determine experimentally the exact distribution of stress/strain profile in
real device, especially when the device is small, which is also why we use process

simulation here to simulate stress profile.

Furthermore, the effect of strain/stress, in terms of the results by experimental
investigation, first-principles calculation and process simulation, as discussed above,
can be used to explain the improvement of NBTI by SPT. However, it should be
carefully accessed when the strain is used to explain NBTI. For SPT process, the
stress/strain is induced after the oxide growth and thus it has very negligible impact
on the gate oxide. If the strain is introduced before the oxide growth, the strain in
channel might cause structural difference in the Si substrate and thus have an impact
on the gate oxide growth. As a result, the effect of strain is more complicated and the
ultrathin gate oxide becomes another important factor that affects the behavior of

NBTI degradation.

171



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 6 Impact of Process Technologies on NBTI

6.3 Impact of Laser Spike Annealing on NBTI

In advanced technology nodes, besides stress engineering, novel junction profile
engineering techniques, such as laser annealing (LA) or laser spike annealing (LSA)
[200-202], are also widely adapted to further boost device performance. LA is hotter
than the conventional rapid thermal annealing (RTA) or spike annealing (SA), and
thus can be carried out in an ultra-short time, typically in the micro/nano-second range,
mainly to minimize dopant out-diffusion and form an ultra-shallow doping profile. LA
can increase dopant activation and effectively remove implantation defects as well.
However, due to process integration and manufacturability issues, LA is normally
implemented together with the conventional spike-RTA. In this study, LA is inserted

after spike annealing, which is denoted as “laser spike annealing (LSA)” process.

6.3.1 Experimental

The devices used in this study are fabricated by 45nm low-power process with
either conventional spike-RTA or LSA. The nitrided gate oxide thickness is about 18
A, and the nominal voltage (Vyq) is -1.1 V. The channel width is 2 um and the channel
length is 48 nm. In the following discussion, the control sample that implements
spike-RTA process is denoted as “Spike”, while the sample fabricated with LSA
process is denoted as “LSA”. For the NBTI stress conditions, the stress temperature
(Ts) is in the range of 25~125 °C and the gate stress voltage (Vi) is in between -1.6
V to -3.0 V, and the default stress condition corresponds to Ty, = 125 °C and Vg =
-2.3 V. For NBTI measurement, the conventional current-voltage (I-V) sweep method

is used here to measure the drain current degradation and threshold voltage shift
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(AVy). Moreover, to minimize measurement-induced recovery during NBTI
characterization, the technique of single-point saturation drain current (/gsa)
measurement [182] is used to extract the threshold voltage shift (AVy,) and the device

lifetime is also extrapolated for different Vg at T = 125 °C.

6.3.2 Results & Discussion

As can be seen in Fig. 6.12, LSA can improve the electrical performance of
p-MOSFETs by as much as 5%. In this section, the impact of LSA on NBTI and the
device lifetime are to be investigated. Figure 6.13 clearly shows that the electrical
performance of p-MOSFETs: is largely degraded in terms of typical I-V characteristics

of the device, such as Iy, Lgiin, and Gy, when NBTI stress is applied.
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Figure 6.12: Electrical performance comparisons of p-MOSFETs with laser spike
annealing (denoted as “LSA”) and spike-RTA process (denoted as “Spike”). About 5%

1, improvement is achieved by LSA.
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Figure 6.13: Typical 1,-V, and 1;-V, sweep curves for p-MOSFETs with LSA process,

before and after the NBTI stress of 1000 s.

Moreover, the comparison of NBTI degradation, in terms of threshold voltage
shift (AVy) and NBTI-induced drain current decrease (both Al and Algji,), between
the samples with spike-RTA and LSA are shown in Fig. 6.14. Figure 6.14(a) shows
AVy, as a function of stress time and it is quite clear that LSA yields a much higher
AVy, than the conventional spike-RTA process. The same conclusion also holds for
NBTI-induced drain current degradation (both Al and Algi,), as shown in Fig.
6.14(b). Indeed, LSA-worsen NBTI could be mainly due to more damages induced by
the subsequent laser annealing process at/near the substrate/oxide interface or even in
the gate oxide, and the additional damages would either increase the initial defect
density of Si-H bonds at the interface or form more oxide trap centers that favor hole
trapping and hydrogen diffusion as well. As a result, upon NBTI stress, the reaction
occurs more readily, and thus interface trap generation and/or hole trapping will be

enhanced, which in turn lead to LSA-worsen NBTI.
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Figure 6.14: Comparison of NBTI degradation between the samples with spike-RTA
and LSA process. The threshold voltage shift (AVy,) (a), the shift in saturation drain
current (Alyq) and the shift in linear drain current (Aly,) (b) are measured as a

untion of stress time (t) at gate stress voltage (Vo) of -2.3 V and stress temperature
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Figure 6.15: The extrapolated device lifetime for both the samples with spike-RTA and

LSA process.

Moreover, device lifetimes for both samples with spike-RTA and LSA processes

can be obtained and the results are shown in Fig. 6.15. Here the device failure
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criterion is based on AVy, criterion: if Vi, of a device in magnitude increases by 5% of
Vad, 1.e. 60 mV, the device is considered as “failed”. It is further confirmed that the
device lifetime for the sample with LSA process is much lower than that with
spike-RTA process, either at Vg = -2.0V for different T, as shown in Figure 6.15(a),
or at Ty, = 125 °C for different Vi, as shown in Fig. 6.15(b). However, from the
results shown in Fig. 6.15, the device lifetime for either sample with spike-RTA or
LSA is much shorter than the target of equivalent 5-year DC lifetime. Therefore,

further process optimization on spike-RTA and LSA is required.

6.4 Characterization of NBTI in High-performance p-MOEFETs

with Ultrathin Gate Dielectrics

As discussed in previous sections, impact of various process technologies on
NBTI in 65nm- or 45nm-node low-power devices could be quite significant. It shows
that NBTI degradation in p-MOSFETs has become a most critical device reliability
issue for advanced technology nodes. In fact, NBTI degradation is much more severe
in high-performance devices, because the gate dielectric is more aggressively
down-scaled for high-performance devices so as to achieve a much higher drive
current, which in turn leads to higher leakage and more power consumption as well.
Therefore, a high-quality ultra-thin gate dielectric is quite critical for achieving the
goals of high performance, low leakage and good device reliability as well. In this
section, characterization of NBTI in high-performance p-MOSFETs with ultrathin
gate nitrided oxide is carried out, and NBTI degradation is observed to be quite

significant even at or slightly above the operating voltage.
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6.4.1 Experimental

The p-MOSFETs used here are fabricated by a 65 nm high-performance process.
The nitrided gate oxide is grown by rapid thermal oxidation (RTO), followed by
de-coupled plasma nitridation (DPN). After that, the sample is annealed in N, at
1000°C and then subjected to O, anneal at 1100°C. The thickness of nitrided gate
oxide is about 11.5 A. The channel width and length are 2 um and 60 nm, respectively.
The nominal voltage (V4q) is -1.1 V. To minimize measurement-induced recovery
during NBTI characterization, the technique of single-point saturation drain current
(l4sar) measurement [182] is used to extract the threshold voltage shift (AVy,). The
stress temperature (7;) is in the range of 25~125 °C and the gate stress bias (Vi) is
in the range of -1.21 V to -2.0 V. Moreover, the conventional /I-V sweep method and
the 1% on-the-fly (OTF) measurement method [40, 152] in a short time range are

conducted to re-confirm the trend that is observed with the single-point 45, method.

6.4.2 Results and Discussion

Typical NBTI degradation (AVy,) in high-performance p-MOSFETs at different
T and Vi, are shown in Fig. 6.16. Fig. 6.16(a) clearly shows that at Ve = -1.5 'V,
higher Ty, yields higher NBTI degradation, while Fig. 6.16(b) shows that AVy, is
larger for larger Vg (in magnitude) at T = 125 °C. Moreover, as shown in Fig.
6.16(b) also, NBTI degradation at low Vi, of -1.21 V, i.e., 1.1*Vyq, is observed to be
quite significant. This clearly indicates that NBTI in high-performance devices with

ultra-thin nitrided gate oxides of less than 12A is quite severe.
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Figure 6.16: NBTI degradation in high-preformance p-MOSFETs with ultra-thin
nitrided gate oxide. The threshold voltage shift (AV,,) are measured as a funtion of
stress time (1): (a) at gate stress voltage V,u, = -1.5V for different stress temperatures

Ty and (b) at Ty, = 125 °C for different V.
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Figure 6.17: The threshold voltage shift (AVy,) in high-performance p-MOSFETs as a
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Figure 6.18: The extrapolated device lifetime of high-performance p-MOSFETs at T,

= 125 °C and different V. The lines are for guiding the eyes only.

Moreover, Fig. 6.17 shows the plot of AVy, as a function of Vi, at Ty, = 125 °C
for stress time of 1, 10, 100, 1000 s. As can be seen in the figure, regardless of the

stress time, NBTI-induced AVy, follows the same trend, and AVy, at operating voltage
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can be estimated from the plot, which is in the range of 1 to 10 mV at Ty, = 125 °C,
depending on the stress time. As the time goes on, NBTI degradation is expected to be
quite significant even at operating voltage. Furthermore, Fig. 6.17 shows the
extrapolated device lifetime of high-performance p-MOSFETs at Ty, = 125 °C for
different Vi, where the lifetime is extracted, based on AVy, at 5% of Vyq, i.e. 55mV.
From the results shown in Fig. 6.17, the device lifetime of high-performance
p-MOSFETs is less than 5x10 s (equivalent to ~1.6 years), which is lower than the
target of equivalent 5-year DC lifetime. Therefore, further process optimization is
needed to pass NBTI qualification for high-performance p-MOSFETs with ultra-thin

nitrided gate oxide.

6.5 Summary

In summary, the impact of various process technologies on NBTI in p-MOSFETs
has been examined. SPT can improve NBTI quite significantly. Strain effect on NBTI
is examined with first-principles calculation, which shows that a larger strain leads to
higher NBTI degradation. Process simulation shows that although the compressive
stress along the channel direction is enhanced by SPT, the vertical tensile stress is
greatly reduced by SPT, and it is believed to be responsible for NBTI improvement by
SPT. On the other hand, LSA worsens NBTI degradation, and it might be mainly due
to the damage induced by the high temperature laser annealing process at the interface
or in the gate oxide. Moreover, NBTI degradation in high-performance devices with
ultrathin gate oxides has been observed to be quite significant even at or slightly

above the operating voltage.
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CHAPTER 7 CONCLUSION AND

RECOMMENDATIONS

This thesis has presented research work on the characterization and modeling of
negative bias temperature instability (NBTI) in p-MOSFET. This work has covered a
systematical study on NBTI degradation in p-MOSFETS with ultra-thin nitrided gate
oxides and thus further enhanced the understanding of NBTI mechanism, in terms of
experimental investigations, physical modeling and atomic modeling as well. In this
chapter, the overall work presented in this thesis is briefly summarized, and some

suggestions are also given for future work.

7.1 Conclusion

7.1.1 Characterization of NBTI and NBTI Recovery

NBTI in p-MOSFETs is significantly underestimated by using the conventional
characterization techniques due to severe NBTI recovery during the measurements.
Therefore, a simple NBTI characterization technique of measuring single-point
saturation drain current has been proposed to minimize unwanted NBTI recovery
during measurement. This method is accurate as proven by a carefully-designed
experiment. With this method, the measurement time can be reduced and thus a

closer-to-real threshold voltage shift is obtained, which in turn yields a more reliable
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power-law factor. Obviously, accurate information of these parameters is very critical

for the understanding of NBTI mechanism and depicts a more realistic NBTI picture.

Since NBTI in p-MOSFETs has become one of the key device reliability
challenges for advanced CMOS technology nodes, NBTI in-line test becomes quite
crucial and necessary. NBTI in-line test has been developed here to monitor NBTI
degradation in device during development. With in-line test, we can directly examine
the impact of new process technologies on NBTI during development, rather than wait
until the device is done but found to fail in the NBTI off-line qualification test.
Moreover, if well benchmarked, NBTI in-line test could become an alternative tool
for process qualification and the results from NBTI in-line test could also be used for

the purpose of process optimization.

NBTI gets recovered immediately when the stress is removed. As a result, the
electrical measurement always tends to underestimate NBTI degradation due to its
unavoidable measurement time. This measurement-induced additional NBTI recovery
must be taken into account because it directly affects the time frame, especially during
NBTI recovery. In our work, highly-reproducible NBTI recovery phenomenon is
observed, and hence by using different measurement time intervals for the
characterization of NBTI recovery, the critical measurement time can be extracted.
Thereafter, within the modulated time frame, a combined empirical model for NBTI
recovery has been proposed to describe the entire process of NBTI recovery in a wide
time range, and the effect of measurement time delay on NBTI has also been

examined.
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7.1.2 Modeling and Geometry Dependence of NBTI

A compressive study on the modeling of NBTI has been given in this work. An
analytical reaction-diffusion (R-D) model within the framework of standard R-D
model has been proposed. This model can well describe the NBTI process in a wide
time scale covering the three regimes of reaction, transition and diffusion. A
power-law factor of ~1 is experimentally observed for the nitrided gate oxides, which
shows clear evidence of the existence of the reaction-limited regime for NBTI. The
analytical R-D model can also be used to examine the nitrogen effect on NBTL
Moreover, the analytical R-D model has been extended to include the cases of other
possible hydrogen diffusing species, such as the hydrogen ion H' and hydrogen

molecule H,.

Besides, an analytical geometry-dependent R-D model has been established for
two- or three-dimensional hydrogen diffusion, and the geometry dependence of NBTI
has been extensively studied. It is experimentally observed that NBTI increases when
the channel-length or channel-width decreases. The increase of NBTI with decreasing
channel-length can be attributed to the enhancement of the NBTI reaction due to the
increase of stress/strain in device as a result of channel-length reduction, which is
proven by process simulation. Stress effect on the NBTI reaction is examined by
first-principles calculation. It is found that NBTI degradation is worsen by strain, in
terms of the NBTI reaction energy Er and the bond breaking of Si-H bonds at the
interface. Therefore, the increase of NBTI with decreasing channel-length can be
mainly attributed to the enhancement of the NBTI reaction by the increase of stress as
a result of channel-length reduction. On the other hand, the increase of NBTI with

decreasing channel-width is explained in terms of the evolution of hydrogen diffusion
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towards a two- or three-dimensional diffusion with channel-width reduction.

7.1.3 Nitrogen Effects on NBTI and Modeling of Nitrogen-worsen NBTI

Nitrogen-worsen NBTI in p-MOSFETs has been systematically studied by using
experimental investigations, physical modeling and atomic modeling. The nitrided
gate oxide samples are prepared by different nitridation processes and the
experimental results show that both interfacial nitrogen concentration and nitrogen
depth profile play important roles in the nitrogen-worsen NBTI, which indeed can be
well described by an analytical reaction-dispersive-diffusion (R-DD) model in the
diffusion-limited regime. The R-DD model is mainly based on our previous analytical
R-D model by incorporating dispersive nature of hydrogen diffusion in NBTI process.
In addition, the influence of dispersive hydrogen diffusion on NBTI has been
examined, and the NBTI experiments further verify that the R-DD model can well
explain NBTI degradation including its dependence on stress time, stress temperature
and interfacial nitrogen concentration, and power-law behaviors as well. Furthermore,
first-principles calculation has been carried out to examine the effects of nitrogen
either as the reaction site at the interface or as adjacent atoms near the interface, in
terms of the reaction energy of NBTI reaction. Lower reaction energies due to the
incorporation of nitrogen suggest that nitrogen is a more effective
hydrogen-originated hole-trapping center than oxygen, and hence worsens NBTIL.
Nevertheless, it has been found that the trapping at vacancy defect has the strongest
dependence on the effect of nitrogen as adjacent atoms. Lastly, the role of nitrogen in
NBTI is investigated, in terms of its influence on the electro-negativity and atomic

charge distribution of nitrogen, oxygen and silicon atoms at the interface.

185



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Chapter 7 Conclusion and recommendations

7.1.4 Impacts of Advanced Process Technologies on NBTI

NBTI in 65nm or 45nm node p-MOSFETs with ultrathin gate dielectrics is
investigated, and in particular, the impacts of process technologies on NBTI have
been examined. Stress proximity technique (SPT) is found to improve NBTI quite
significantly. The effect of strain on NBTI is examined with first-principles
calculation, which shows that larger strain leads to higher NBTI degradation. Process
simulation shows that although compressive stress along the channel direction is
enhanced by SPT, vertical tensile stress is greatly reduced by SPT, which is believed
to be responsible for the improvement of NBTI. On the other hand, LSA worsens
NBTI, which might be mainly due to the damage induced by high-temperature laser
annealing process at the interface or in the oxide. Moreover, NBTI in
high-performance devices with ultrathin nitrided gate oxides has been examined. It is
found that NBTI can be quite pronounced even at or slightly above the operating
voltage, which in turn makes NBTI one of the most critical device reliability

challenges for further down-scaling of gate dielectrics.

7.2 Recommendations

7.2.1 Physical Modeling of NBTI Recovery and Dynamic NBTI

As reviewed in Chapter 2, NBTI recovery phenomenon was widely observed and

reported [40, 77,79, 152, 167-170]. In Chapter 3, some experimental investigations of
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NBTI recovery was carried out, and measurement effect on NBTI and NBTI recovery
was also examined. Although various NBTI models have been proposed and in our
work the reaction-diffusion model has been solved analytically so as to describe the
NBTI process in a wider time scale for nitrided gate oxides, very few physical models

for NBTI recovery have been developed.

Regardless of the physical models, NBTI recovery is believed to associate closely
with either re-passivation of interface trap or hole de-trapping of oxide traps, or both.
Indeed, within these NBTI models, NBTI recovery could be addressed accordingly
and hence these physical models can be validated by comparing the results between
analytical prediction and experimental observation in both NBTI and NBTI recovery
phases. Moreover, the model for NBTI recovery can benefit a lot in real application.
Together with NBTI model, it can be used to predict more accurate device lifetime
due to dynamic NBTI stress, since, in real application, the device is operating under

AC condition.

7.2.2 Identification of Hydrogen-related Diffusion Species

NBTI is mainly attributed to the generation of interface trap (Nj) and/or oxide
trapped charge (No) in devices under NBTI stress. The interface trap is generated
from the dissociation of hydrogen-terminated trivalent Si-H bonds at the interface
with the interaction of hole in the inversion layer under NBTI stress. The released
hydrogen species diffuses away from the interface, and it initially favors interface trap
generation but starts to limit the further generation as time goes on. Based on the

reaction-diffusion model [61, 68, 132-134, 211], which is also extensively studied in
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our work, particularly in Chapter 4, or other Ni-based models as reviewed in Chapter
2, the nature of hydrogen species could affect the behaviors of NBTI greatly, in terms
of its time-dependence, temperature-dependence and stress-voltage-dependence. On
the other hand, hole trapping in oxide trap might also be affected by hydrogen
diffusion. Therefore, an identification of the hydrogen-related diffusing species,
which could be the neutral atomic hydrogen (H°), hydrogen ion or proton (H"),
molecular hydrogen (H;), or even as a part of the hydroxyl group (OH), hydronium
(H30™) and hydroxide ions (OH"), would help further understand the underlying NBTI

mechanism.

7.2.3 NBTI for High-K Gate Dielectrics

In order to further boost device performance and reduce the leakage as well, the
high-k/metal-gate scheme has been implemented, first by Intel in 45nm-node
manufacturing process and followed by worldwide other leading semiconductor
companies in 32nm technology node and beyond. Indeed, both NBTI and PBTI have
become most critical reliability issues for HfO,-based high-k dielectrics [91, 233-236].
A lot of research work in this area has been carried out in recent years, but much still
has to be further studied about the land lying under the ice, so as to reveal the
underlying BTI mechanism in high-k dielectrics, in terms of experimental instigations,
physical modeling and atomic modeling. Moreover, dynamic BTI degradation in
high-k dielectrics and the impact of NBTI, PBTI and their interaction on digital and

analog integrated circuits (ICs) can also be systematically studied.
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