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Preface

Bias Temperature Instability (BTI) is a serious reliability concern and continues to
threaten the performance and lifetime of Complementary MOS (CMOS) devices
and circuits. BTI affects both n- and p-channel Metal Oxide Semiconductor Field
Effect Transistors (MOSFETs). Historically, Negative BTI (NBTI) became an
important issue for p-MOSFETs as the semiconductor industry migrated from
Silicon Oxide (Si0O,) to Silicon Oxynitride (SiON) gate insulators. NBTI continues
to remain a serious issue for sub-22 nm technology nodes featuring High-K Metal
Gate (HKMG) gate insulator based FinFET technologies. Positive BTI (PBTI) for
n-MOSFETs remained negligible for SiON devices and emerged as a serious
concern with the advent of HKMG gate insulator technology. However, latest
reports from sub-22 nm Replacement Metal Gate (RMG) FinFET technologies have
shown that PBTI is no longer a significant reliability concern.

Due to its technological significance, various research groups have extensively
studied BTI in the last 15 years. In keeping with the technological trend, published
reports initially focused on NBTI in SiON p-MOSFTs and later on both NBTI and
PBTI in HKMG MOSFETsS. These reports can be broadly classified into five major
categories as explained hereinafter. Some reports have focused on process opti-
mization for BTI mitigation and technology qualification, and studied the impact of
various gate insulator and other processes and materials on BTI degradation. Other
reports have focused on the development of novel methodologies for artifact-free
characterization of BTI degradation and associated gate insulator defects.
A significant majority of reports have focused on the understanding of BTI physical
mechanism and development of numerical and compact models to explain mea-
sured data for DC and AC BTI degradation. Recently, some reports have focused
on BTI variability, which is becoming important as device dimensions are scaled
down. Finally, a significant majority of reports have also been published to study
the impact of BTI on circuit and product degradation.

This book covers the first three aspects of BTI degradation as mentioned above,
viz., characterization methodologies, impact of gate insulator processes and mate-
rials, and physics-based models for DC and AC BTL In the early years of research,
no consensus existed among different groups on the experimental kinetics, process
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and materials dependence and physical mechanism of NBTI degradation.
Therefore, development of suitable processes for NBTI mitigation and control
became extremely difficult. Moreover, it became almost impossible to develop
predictive models for estimating DC NBTI degradation at end-of-life, and to predict
AC activity aware degradation for switching logic. Furthermore, although vast
majority of published reports from different groups have dealt with understanding
the physical mechanism and modeling of NBTI degradation, none can provide a
comprehensive framework to explain measured results in SiON and HKMG
p-MOSFETs and for DC and AC stress. Finally, some controversy also surrounded
the physical mechanism and modeling of PBTI in HKMG n-MOSFETs.

The results presented in this book are extensively based on research carried out
by our group in the past 13 years. Published results are also reported as and when
necessary, to establish a comprehensive and universal picture of BTI degradation
throughout the book. Our research has demonstrated that the lack of consensus in
early NBTI reports arose due to the use of different nonstandard characterization
methodologies and different gate insulator processes by different groups.
Subsequently, proper artifact-free stress and measurement methodologies have been
developed to characterize BTI degradation and also the underlying defects
responsible for BTI degradation. The gate insulator process and material depen-
dencies of NBTI degradation have been established for SiON and HKMG
p-MOSFETs. The gate insulator process and material dependencies of PBTI deg-
radation in HKMG n-MOSFETS are also established.

A consistent physical mechanism has been proposed to explain and model the
experimentally observed process and material dependencies of NBTI in SiON and
HKMG p-MOSFETs and PBTI in HKMG n-MOSFETs. The proposed framework
is based on different mutually uncoupled underlying defect subcomponents, which
are also assessed using independent measurement methods. Finally, a compre-
hensive DC and AC NBTI modeling framework is proposed and verified against
experimental data in SiON and HKMG p-MOSFETs. The framework can suc-
cessfully explain time evolution of measured NBTI degradation during and after
DC stress and during multiple DC stress and recovery cycles, and during AC stress
at different frequency and duty cycle. It can also predict extrapolated degradation at
end of life for DC and AC NBTI stress.

Chapter 1 reviews NBTI and PBTI results from different published reports, and
also shows measured DC and AC stress data using ultra-fast methods in SiON and
HKMG devices under different experimental conditions. Different ultra-fast BTI
characterization methods are discussed in Chap. 2, along with different character-
ization techniques for directly estimating gate insulator defects responsible for BTL.
A consistent NBTI and PBTI mechanism is proposed and verified against experi-
mental data in Chap. 3. Compact NBTI and PBTI models are developed in Chap. 4
based on the mechanism developed in Chap. 3, and the models are used to explain
measured NBTI data in differently processed SION and HKMG p-MOSFETs and
PBTI data in different HKMG n-MOSFETs. The fundamentals of the
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Reaction-Diffusion (RD) model are discussed in Chap. 5. Finally, the compre-
hensive DC and AC NBTI modeling framework is established in Chap. 6, and
verified against ultra-fast measured data in SION and HKMG p-MOSFETs.
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Chapter 1

Introduction: Bias Temperature
Instability (BTI) in N and P Channel
MOSFETSs

Souvik Mahapatra, Nilesh Goel and Subhadeep Mukhopadhyay

Abstract In this chapter, the basic experimental signatures of NBTI and PBTI
degradation respectively in p- and n-channel MOSFETs are discussed. Historical
results from published reports are briefly reviewed for SiON and HKMG
MOSFETs. Results obtained using ultra-fast characterization methods are shown
for DC and AC BTI degradation in state-of-the-art SION and HKMG MOSFETs.
The impact of gate insulator processes on magnitude of NBTI degradation and its
time, bias and temperature dependence is discussed for SION p-MOSFETs. Time
evolution of NBTI and PBTI degradation during and after DC stress and during AC
stress is shown for HKMG MOSFETs, and the impact of stress bias and temper-
ature, as well as that of AC pulse duty cycle and frequency are discussed. Impact of
basic HKMG process variations, such as Nitrogen incorporation and interlayer
thickness scaling are also discussed. Similarities and differences between NBTI and
PBTI results are highlighted.

1.1 Introduction

Metal Oxide Semiconductor Field Effect Transistors (MOSFETSs) are fundamental
building blocks of Complementary MOS (CMOS) circuits. Figure 1.1 shows the
schematic of p- and n-channel MOSFETs. It is now well known that for more than
past 40 years, the gate length (Lg) of MOSFETs is reduced to increase its per-
formance and keep up with Moore’s scaling law [1]. According to MOSFET
scaling principle, Lg scaling must be associated with gate insulator thickness (Tox)
scaling to keep different short channel effects under control [2]. Historically, con-
ventional Tox scaling based on reduction in Silicon Dioxide (SiO,) thickness
became unfeasible at 90 nm technology node, due to significant increase in gate
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Fig. 1.1 Schematic of p- and n-channel MOSFETs having HKMG gate insulator stacks,
configured respectively for NBTI and PBTI stress

leakage current (/) arising out of direct tunneling of inversion layer carriers across
the gate insulator. Therefore, the industry has migrated first to Silicon Oxynitride
(SiON) gate insulator at 90 nm technology node [3], and later to High-K Metal Gate
(HKMG) gate insulator at 45 nm [4] or 28 nm [5] node, to continue Tpx scaling
without significant increase in gate leakage. However, controlling the short channel
effects has become a serious challenge at 20 nm node, and therefore, the industry
has migrated from planar MOSFET to FinFET at 22 nm [6] or 16 nm (or 14 nm) [7]
node.

Bias Temperature Instability (BTI) is a crucial reliability issue since it degrades
the performance of p- and n-channel MOSFETs used in CMOS circuits. BTI results
in a gradual shift in MOSFET characteristics, such as threshold voltage (Vy),
transconductance (g,,), subthreshold slope (S), linear and saturation drain current
(IpLin and IpsaT), etc., over time [8], and hence in-turn degrades the performance
of digital, memory and analog CMOS circuits [9]. As a result, the operating lifetime
of CMOS devices and circuits gets reduced, and if unchecked, BTI can lead to
premature failure of Integrated Circuits (IC) chips.

Figure 1.1 shows the BTI biasing conditions for p- and n-channel MOSFETs
having HKMG gate insulators. BTI degradation of p-MOSFET devices, known as
Negative Bias Temperature Instability (NBTI), occurs when the gate of the device
is made negative w.r.t. other terminals. NBTI results in buildup of positive charges
in the gate insulator and causes negative shift in V1 (AVy) [8]. On the other hand,
Positive Bias Temperature Instability (PBTI) occurs in n-MOSFETs when the gate
of the device is made positive w.r.t. other terminals. PBTI causes negative charges
in the gate insulator and results in positive AV [10].
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NBTI was first observed half a century ago in SiO, MOSFETsS [11], although it
became a crucial reliability concern when SiON replaced SiO, as the gate insulator
[12—14]. It continues to remain as a significant concern even today for planar and
FinFET devices having HKMG based gate stacks [15-18]. Note that the physical
mechanism of NBTI is presumed to be identical for SION and HKMG p-MOSFETs
[8, 19-23]. NBTI in SiO, or SiON p-MOSFETs is attributed to buildup of positive
charges at the interface between the Silicon (Si) channel and SiO, (or SiON)
dielectric, as well as in the SiO, (or SiON) dielectric bulk. Similarly, NBTI in
HKMG p-MOSFETs is attributed to buildup of positive charges in the SiO, or
SiON interlayer (IL), which separates the MOSFET channel and the Hafnium
Dioxide (HfO,) High-K layer, refer to Fig. 1.1. The interface between the MOSFET
channel and IL as well as IL bulk becomes positively charged. The High-K layer
presumably acts as a voltage divider.

PBTI remained negligible for SiO, and SiON n-MOSFETs and became
important only with the introduction of HKMG technology [10, 16—18]. Generation
of negative charges in HfO, High-K layer is believed to be responsible for PBTI,
refer to Fig. 1.1. The SiO, (or SiON) IL presumably does not degrade for pro-
duction quality HKMG MOSFETs and acts only as a voltage divider. Although
both NBTI and PBTI impacts HKMG technology based circuits, recent results from
Replacement Metal Gate (RMG) technology based HKMG FinFETs suggest PBTI
to be much less of a concern than NBTI [17, 18, 24]. It is important to realize that
the gate stack and other (such as backend) processes significantly influences BTI,
and the magnitudes of NBTI and PBTI degradation depend on process optimization
and are very much technology and industry specific. This aspect is discussed later in
this chapter.

Although BTI is an important reliability issue, it is not the only mechanism that
causes device degradation during operation of a CMOS circuit. Other mechanisms
such as Channel Hot Carrier (CHC) degradation [25, 26], Stress Induced Leakage
Current (SILC) [27, 28] and Time Dependent Dielectric Breakdown (TDDB) [29,
30] are also responsible for device and circuit performance degradation. As an
example, Fig. 1.2 illustrates the interplay of different reliability mechanisms during
the operation of a CMOS inverter circuit. The inverter is made of p- and n-channel
MOSFETs connected in series between power and ground rails, and the output

Vb
PBTI
CHC l
NBTI
GND
Fig. 1.2 Schematic of a CMOS inverter with input and output waveforms illustrating BTI and
CHC reliability regimes. SILC and TDDB have identical regimes as BTI
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voltage is complimentary to the input voltage. The p-MOSFET suffers from NBTI
when input is low and output is high, i.e., the gate is negative w.r.t. all the other
terminals of the device, while the n-MOSFET suffers from PBTI when input is high
and output is low, i.e., the gate is positive w.r.t. all the other terminals of the device.
SILC and TDDB regimes for p- and n-MOSFETs coincide with NBTI and PBTI
regimes, respectively, while CHC degradation occurs during the transition periods
when the input goes from low to high (output goes from high to low) and vice
versa. Although a technology should be qualified for all these degradation regimes,
BTI has become and remained as the dominant front-end reliability concern since
90 nm technology node and is the subject of this book.

1.2 Brief Overview of NBTI and PBTI

From a practical point of view, it is of utmost importance to estimate BTI degra-
dation at the end of expected usage lifetime of devices (and hence circuits and
products). The assessment of BTI induced MOSFET parametric degradation is
usually done by stressing the device at an accelerated aging condition, using a gate
bias (V) that is higher (Vg = Vg.grr) than that used during normal operation.
MOSFET transfer I-V characteristics are measured before and after BTI stress, and
the difference between pre- and post-stress values is used to access degradation in
device parameters.

However, rather than a single value, it is of interest to estimate the time evolution
of BTI degradation. In a typical BTI test scenario, transfer /-V measurements are
performed by interrupting the stress at certain pre-defined times, the interruptions
are usually spaced in logarithmic intervals of time, and the time evolution of BTI
induced shift in MOSFET parameters is estimated. This scheme is defined as
Measure-Stress-Measure (MSM) method. However, it was later realized that BTI
degradation recovers as soon as stress is removed for measurement, and alterna-
tively, the degradation in MOSFET drain current can be continuously monitored as
the gate is being stressed, which is defined as On-The-Fly (OTF) method [31].
Different BTI characterization methods will be discussed in Chap. 2 of this book.
The accelerated stress test is performed up to several 1000’s of seconds or hours, or
sometimes up to days, in wafer-level setup, although sometimes the test can go on
for months in package-level setup. The measured time evolution of parametric
degradation at accelerated stress condition (Vg = Vg_str) is then extrapolated to
expected end-of-life (e.g., 10 years) and to normal operating V5 by using suitable
models. BTT modeling for lifetime estimation is a topic of great interest and is
discussed later in this book.

It is necessary to follow certain cautionary measures for BTI stress and mea-
surement. Note, BTT and TDDB have identical stress regimes as shown in Fig. 1.2.
Since TDDB defects build up faster in time and has higher Vi acceleration rate as
compared to BTI [32, 33], the use of very high stress Vg should be avoided to
prevent TDDB related “corruption” of BTI data. In other words, although BTI
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dominates TDDB at relatively lower Vg, as stress Vg is increased, the degradation
due to TDDB increases at a much faster rate than that for BTI. Therefore, the
maximum limit of stress Vs should be carefully chosen such that the contribution
from TDDB defects remains negligible as compared to BTI defects during accel-
erated stress test. This will be discussed later in Chap. 2. Moreover as mentioned
before, it is now well known that BTI degradation starts to recover as soon as the
magnitude of Vg is reduced for measurement [31, 34]. Although earlier NBTI
measurements were done using slower methods, recent NBTI and PBTI measure-
ments are performed in a way such that the impact of recovery is negligible. Several
methods have been developed in recent past for “recovery artifact free” BTI
measurements, and will be discussed in Chap. 2 of this book.

1.2.1 NBTI in SiO, and SiON p-MOSFETs

Early reports show that gate insulator quality plays an important role in determining
NBTI degradation. Figure 1.3 plots time evolution of AVt during NBTI stress in
p-MOSFETs having SiO, gate insulators grown by wet and dry oxidation [12, 35].
Dry SiO, devices have superior gate insulator quality and hence show lower NBTI
degradation.

As discussed in detail later in this book, NBTI degradation is due to uncorrelated
contributions from interface trap generation (ANyp) at Si/SiO, interface, hole
trapping in process-related SiO, bulk traps (ANyt) and generation of new SiO, bulk
traps (ANot). In general, gate oxide process can impact any one or all of these
components. However, ANyr is a fast saturating phenomenon and is unlikely to be

10° ¢ 80
@ 1 —25um, H,PMA ()
-2.5V, 100°C
| |
L[ A Wet Oxide
2 3 [ == WetOxide
\:/- 10' o S; 40 F
2 2
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Fig. 1.3 Time evolution of measured AVt for NBTI stress in dry and wet SiO, p-MOSFETs. Data
from [12] (left panel) and [35] (right panel)
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captured in slow MSM measurement method used in [12, 35]. Furthermore, ANot
is associated with TDDB like trap generation process and therefore has strong
voltage de-acceleration factor [32, 36]; ANt contribution is usually negligible
unless high Vg_gtr is used. Therefore, the improvement is likely due to lower ANt
in dry SiO, devices.

The role of generated interface traps is further ascertained by studying NBTT in
SiO, p-MOSFETs having conventional Hydrogen (H,) and Deuterium (D,) based
Post Metallization Anneal (PMA). Figure 1.4a plots time evolution of AV during
NBTI stress in H, and D, PMA based SiO, p-MOSFETSs [12]; lower degradation is
observed for D, devices. Measured AVr is likely dominated by ANyt due to the
reasons mentioned above. As discussed later in this book, interface trap generation
is explained by Reaction-Diffusion (RD) model [37], which suggests breaking of
Si—H bonds at Si/SiO, interface and subsequent diffusion of H, [8], refer to Chap. 5
for details. For D, devices, this would imply breaking of Si-D bonds and sub-
sequent diffusion of D,. Therefore, the difference in ANyt and AV can be asso-
ciated to difference in Si—D and Si—H bond strengths and/or different diffusivity of
D, compared to H,. As discussed in Chap. 2, ANt can be directly determined by
using Charge Pumping (CP) measurements [38] before and after NBTI stress.
Figure 1.4b shows measured AVt and ANyt for NBTI stress in SiO, devices having
H, and D, PMA [35]. Lower AVt for D, devices is due to lower ANyt as shown.

As mentioned before, NBTI became a crucial reliability concern with the
introduction of SiION gate insulator technology. Figure 1.5a plots the time evolution
of AVt for NBTI stress in pure SiO, and SiON p-MOSFETSs having different
Nitrogen (N) content in the gate stack [12]. Time evolution of AVt shows power
law dependence for both SiO, and SiON devices, i.e., AVy = A * ¢, and the
magnitude of AVr increases with increased N content. Time evolution of AVy is
measured in SiON p-MOSFETs having different N content [39] and fitted using the
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Fig. 1.4 a Time evolution of AVt and b fixed time AVy and ANyr, measured for NBTI stress in
dry SiO, p-MOSFETs having H, and D, PMA. Data from [12] (left panel) and [35] (right panel)
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power-law expression shown above. Figure 1.5b plots pre-factor (A) as a function
of atomic N content (N%) in the gate stack. Note that the pre-factor A increases with
increased N%. A higher rate of increase is seen for N > 8 % for these particular
devices. Figure 1.5 clearly indicates the emergence of NBTI as a crucial reliability
issue with the advent of SiON technology. Once again, note that the impact of N%
on AVr is likely due to variations in ANy, since ANy is likely to be negligible due
to the use of slow MSM measurement method, and ANgr is also negligible as
Vis-str 18 kept low during stress.

Note that N incorporation increases the permittivity (K) of gate insulator stack,
and for identical SiO, physical thickness, it results in lower electrical thickness for
SiON gate insulators. Different nitridation techniques have been studied to explore
the possibility of obtaining SiON gate insulator without corresponding increase in
NBTI Figure 1.6 plots time evolution of AV for NBTI stress in differently pro-
cessed SiON p-MOSFETs [40]. Since different process have different gate insulator
thickness, Vg_str is suitably adjusted to perform NBTI stress at similar oxide field
(Eox) for fair comparison, as NBTI depends on Egx and not Vg_str [32]. Note that
Nitrogen Implanted Silicon Substrate (NISS) process shows highest AV, followed
by Rapid Thermal Oxidation (RTO) in NO ambient and N,O based thermal oxi-
dation, while Remote Plasma Nitridation (RPN) process shows lowest NBTL. It is
important to remark that the process impact on AV is likely coming from variations
in ANy due to the reasons mentioned before.

Figure 1.7 plots the time evolution of AVt and ANyt obtained respectively from
slow MSM I-V and CP measurements for NBTI stress in NO based thermal nitrided
SiON and RPN-SiON p-MOSFETs [14]. RPN-SiON devices have lower ANyt and
hence have lower AVt as shown. This once again verifies that ANyt and ANgt

(a) 10° 3 (b) 0.03

A NO: High conc. Nitrogen
O NO: Low conc. Nitrogen

0 O Ppuresio, /

L ool Vosm =22V
< Z T=125°C
g <
a 5
3 E
s 001}
=9

oooLt— v v
o 3 6 9 12 15 18

stress time (s) N% at interface

Fig. 1.5 a Time evolution of AVt in SiO, and SiON p-MOSFETs having different N dose for
NBTI stress; data fitted using power-law expression A * 7. b Pre-factor A as a function of atomic N
% for SiON devices having different N content. Data from [12] (left panel) and [39] (right panel)
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Fig. 1.6 Time evolution of 10°
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contributions are negligible and AN}t dominates AVt for slow MSM measurement
and low Vg_gtr stress as used in [14]. It is now well known that for a particular total
N dose, RPN process results in lower N density at the Si channel and SiON
interface compared to conventional NO-SiON process, since bulk of the N is placed
closer to the SiON and poly-Si gate interface for RPN process [41]. Lower N
density at Si/SiON interface results in lower NBTI for RPN compared to conven-
tional thermal NO based SiON devices [42, 43]. Therefore, RPN-based nitridation
technique has become widely adopted in the industry for gate insulator technology.

Figures 1.6 and 1.7 suggest that it is not the total N content in the gate insulator
but rather the N density at or near the Si channel and SiON interface that controls
NBTI. As a further verification, Fig. 1.8 plots N density distribution profile in the
gate insulator and the corresponding NBTI degradation for different SiON gate
insulator processes [44, 45]. N density profile can be obtained using Angle
Resolved X-ray Photoelectron Spectroscopy (ARXPS) measurements [46]. In the
top figure, NO first process has lower N density at Si/SiON interface in spite of
having higher peak and overall integrated N content in the gate insulator as
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Fig. 1.8 Nitrogen distribution profile in SiON gate insulators (left panels) and corresponding
NBTI degradation and lifetime (right panels) for NO first and NO last process (fop panels) [44]
and different plasma nitridation processes (bottom panels) [45]

compared to NO last process [44]. Therefore, the NO first process results in lower
AVt as shown. In the bottom plot, Si/SiON interfacial N density increases while the
peak and total integrated N content in the gate insulator reduces from process A
through C [45]. For a particular total N content in the gate stack, NBTI degradation
is lowest, which results in highest extrapolated lifetime for process-A, and the
degradation is highest and hence the extrapolated lifetime is lowest for process-C as
shown.

Note that for RPN process having a particular total N dose, the Post Nitridation
Anneal (PNA) condition [47] plays an important role in controlling NBTI degra-
dation [48]. Figure 1.9 shows the time evolution of AVt for NBTI stress in SION
p-MOSFETs having similar N content but different post-nitridation optimization
[49]. Although the total N dose remains same, optimized devices show lower AVt
as shown. Therefore not only the RPN nitridation process but the PNA process is
also equally important to control NBTI and is now widely adopted in the industry
for gate insulator technology. More results on SiON devices having different
RPN N content and PNA processes will be discussed later in this chapter.

Fluorine (F) incorporation in the gate insulator stack also impacts NBTI deg-
radation. Figure 1.10 shows the time evolution of AVy and ANjr obtained,
respectively, from slow MSM /-V and CP measurements for NBTI stress in devices
without and with F in the gate stack [35, 50].
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Fig. 1.9 Time evolution of AVt for NBTI stress in SION p-MOSFETs fabricated using plasma
nitridation and different post nitridation anneals. Data from [49]
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Fig. 1.10 Time evolution of AVt and ANt (~Alcp) for NBTI stress in SION p-MOSFETs
having different fluorine content in the gate stack. Data from [35] (left panel) and [50] (right panel)

In Fig. 1.10a, F incorporation is achieved using BF, implanted Source and Drain
junctions and subsequent activation anneal, while the reference device has Boron
(B) implanted junctions [35]. F is implanted directly in the gate oxide in Fig. 1.10b
[50]. Note that measurements were done using slow MSM method with low Vg_gtR,
and results in AN;r domination of AVt as discussed earlier. F incorporation reduces
ANyt and hence AVt as shown. Once again, Fig. 1.10 proves the role of generated
interface traps on NBTI degradation.

The results shown above are among the earliest reported that studied the impact
of different SiO, and SiON gate insulator processes on NBTI degradation, refer to
[51] for further details. Note that measurements were done using slower methods,
as NBTI recovery and its implications [31, 34] were not fully understood at that
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time. Subsequently, methods having ~millisecond [31] and ~microsecond [52,
53] delay were developed and used to study the impact of gate insulator nitridation
on NBTI [43, 48]. These results will be discussed later in this chapter.

1.2.2 NBTI and PBTI in HKMG MOSFETs

As mentioned before, similar to SiO, or SiON p-MOSFETs, HKMG devices are
also affected by NBTI stress due to positive charge buildup in the SiO, (or SiON)
IL that separates the channel and HfO, High-K layer. Similar to SiON devices, the
optimization of HKMG process plays a significant role in reducing NBTI degra-
dation. As an illustration, Fig. 1.11a plots measured AV time evolution for NBTI
stress in p-MOSFETs having “initial” or premature and “final” or production
quality HKMG gate insulator stacks [16]. Note that time evolution of AVt shows
power law dependence similar to SiON devices. The “initial” premature process
shows much larger AVy and very low time exponent n when compared to the
production quality process and highlights the importance of process optimization.
Figure 1.11b plots measured AVt at fixed stress time (fstgr) as a function of gate
oxide field Eqx for NBTT stress in production quality 65 nm SiON, as well as 45, 32
and 22 nm HKMG gate insulator processes [16, 17, 54]. Note that NBTI degra-
dation reduces for migration from 65 nm SiON to 45 nm HKMG technology,
presumably due to reduction in N in the gate stack; however, it gradually increases
for migration from 45 to 32 nm planar and eventually to 22 nm FinFET technol-
ogies. Of importance is the power-law field acceleration factor (I'g) or the slope of

() 10° (b) 10 :
‘VG-STRZ‘ = |VG-STR1| [
10° 'L 0 r,=43
o E .. —~ E -
> Initial S O r,=63
£ | ) A =56
> 10 > VAR
= - 10° [16,17,54]
o Final o Ceon
E [ 45 nm
E| A Initial (V) A Final (V) [ 8 3 om
L] O Initial (V) @@ Final (V) r V 22mm
10'1 PR TITT SRR TTTT] B S AR R TTT] B SRR | 10'1 PR R T T T S A B A A A A A F RN R R A
10" 10° 10' 107 10° 5 10 15 20
stress time (s) E. (MV/cm)

Fig. 1.11 a Time evolution of AVt for NBTI stress in HKMG p-MOSFETs with different quality
of gate insulator stacks. b Fixed time AVt as a function of oxide field Egx in a log-log plot, for
different SION and HKMG production quality devices. Data from [16, 17, 54]
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AVr versus Egx plot, which is larger for 45 nm HKMG compared to 65 nm SiON
process, although it reduces slightly for 32 and 22 nm HKMG processes.

On the other hand, PBTI was negligible for SiO, or SiON n-MOSFETs and
become appreciable with the introduction of HKMG devices, as it is associated with
the buildup of negative charges in HfO, High-K layer [10]. It will be shown later in
this book that AVt for PBTI stress is due to uncoupled contribution from trap
generation at IL/High-K interface (ANt.gx) and High-K bulk (ANoTt.Hk), as well as
electron trapping in pre-existing process-related bulk High-K traps (ANgr). PBTI
measurements in early HKMG devices show very large degradation due to sig-
nificant contribution from ANgr in inferior quality and thick HfO, dielectrics [55,
56]. PBTI reduces with reduction in HfO, High-K thickness [10], while process
optimization played a significant role in further reducing PBTI degradation [16],
primarily by reducing the ANgr contribution [57]. As an example, Fig. 1.12 plots
AVy determined at a particular charge flounce for PBTI stress at different Vg.gtr
versus thickness of the High-K layer. AVt reduces significantly with reduction in
High-K thickness as shown, due to reduction in the volume for electron trapping.

Figure 1.13a plots the time evolution of measured AVt for PBTI stress in
HKMG n-MOSFETs having “initial” and “final” gate insulator processes [16].
Time evolution of AVy shows power law dependence similar to NBTI stress.
Moreover, similar to NBTT results, the “initial” or premature process shows much
higher AVt and lower time exponent n also for PBTI stress when compared to the
“final” production quality process. Figure 1.13b plots measured AV at fixed #gTgr as
a function of Egx for PBTI stress in production quality 45 and 22 nm HKMG gate
insulator processes [16, 17, 54]. Unlike NBTI, AVt for PBTI stress reduces with
HKMG technology scaling as shown.

An important difference between NBTI and PBTI in HKMG MOSFETs can be
observed by measuring the peak transconductance degradation (Ag,,). Figure 1.14
plots the correlation of peak Ag,, to AVt for NBTI and PBTI stress in premature or
“initial” and fully optimized or “final” production quality HKMG processes [16].

Fig. 1.12 Measured AV for 0.16
PBTI stress in HKMG _ A
n-MOSFETs having different £ A Vig=-22V A
High-K layer thickness. Data Q; 0.12 + (m] VGfSTR =—-1.8V PAN
from [10] 3 A

Q

% 0.08 A

g o O

< A o

®2 0.04 - A m]

Z 0

(m]
000 1 1 1 1
1.0 1.5 2.0 2.5 3.0

HfO, thickness, t, , (hnm)
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Fig. 1.13 a Time evolution of AV for PBTI stress in HKMG n-MOSFETs with different quality
of gate insulator stacks. b Fixed time AVy as a function of oxide field Epx in a log—log plot, for
different HKMG production quality devices. Data from [16, 17, 54]

The “initial” or premature process shows very large AVt and Ag,, for both NBTI
and PBTIL. Process optimization helps in reducing AVt for both NBTI and PBTI
stress. Interestingly, the optimized process shows reduced but non-negligible Ag,,
for NBTI but negligible Ag,, for PBTI stress. Note, peak g,, degradation can be
related to channel mobility degradation and is due to enhanced Coulomb scattering
by BTI induced charges in the gate insulator. The presence of g,, degradation for
NBTI is consistent with the fact that NBTI causes charge buildup in the SiO, (or
SiON) IL, which is nearer to the MOSFET channel. Process optimization helps in
improving the IL quality and reduces buildup of charges during NBTT stress, and
results in lower AVt and Ag,,.

On the other hand, large Ag,, for PBTI stress in premature devices implies
degradation of the IL in addition to the High-K layer. However, IL degradation is
negligible for PBTI stress in well-optimized HKMG process, and charge buildup
happens only in the High-K layer that is further away from the channel. Therefore,
the “final” HKMG process exhibits negligible Ag,, as shown. It is now universally
believed that PBTI stress does not cause significant IL degradation in production
quality n-MOSFET devices.

The relative magnitude of NBTI and PBTI degradation is of interest, since both
mechanisms add up and can result in enhanced degradation of CMOS circuits for
HKMG technologies. As mentioned before, BTI is strongly influenced by the gate
insulator and other processes and hence is industry specific. For example, Fig. 1.15
plots NBTI and PBTI degradation measured in several production-quality HKMG
technologies [18]. NBTI increases from 32 nm planar through 14 nm FinFETs,
although reduction in NBTI is observed for optimized 14 nm process. This is
similar to Fig. 1.11b [16, 17, 54] that shows increase in NBTI from 45 nm planar
through 22 nm FinFET processes, and latest results [24] that show a reduction in
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NBTI for 14 nm FinFETs. Figure 1.15 also shows that 32 and 28 nm planar HKMG
technologies have higher NBTI than PBTI. However, PBTI increases and compa-
rable NBTI and PBTI degradation has been observed for the planar 20 nm node.
This is contrary to Fig. 1.13b data obtained from [16, 17, 54], which show reduction
in PBTI degradation with scaling from 45 nm through 22 nm nodes. A possible
explanation for this discrepancy is while RMG HKMG process has been used for
all nodes in [16, 17, 54], the processes in [18] used Gate First (GF) HKMG scheme
for 32 and 28 nm and RMG scheme for 20 nm technology nodes [58]. However,
PBTI has reduced for 14 nm RMG HKMG FinFETs [18], similar to results shown
in [24]. The process impact and physical mechanism of BTI will be explained later
in this book.
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Note that the HKMG BTI results presented in this section have been obtained by
using slower methods. Although fair conclusions can be made on relative magni-
tude of degradation for different processes, slower methods fail to capture accurate
magnitude of BTIL. Ultra-fast characterization of DC and AC BTI in HKMG
MOSFETs is presented later in this chapter.

1.3 Ultra-Fast Characterization of NBTI in SiON
p-MOSFETs

In this section, NBTI is characterized in differently processed SiON p-MOSFETs
by using Ultra-Fast On-The-Fly (UF-OTF) Ip;n method [52]. As described in
detail in Chap. 2, in UF-OTF method, the drain current in linear regime (IpyN) is
continuously monitored as the device is being stressed at Vg = Vg.str, and time
evolution of degradation is calculated from measured drain current degradation,
AlpLin (ZIpLin — IpLino), using the relation AV = —Alpyv/IpLivo * (Va-str — Vro)s
where Vg is pre-stress V and Ipg o is the first data point recorded at Vg = Vig.stR,
within a time 7, of application of stress. The impact of 7, delay will be discussed in
Chap. 2; all measurements in this section have been done using #, = 1 ps. Mobility
degradation (Au.g) needs to be considered for properly converting AV to threshold
voltage shift, AV, which can be done using a post-processing correction algorithm
described in [59], refer to Chap. 2 for further details.

Table 1.1 lists the gate insulator process details of different SION p-MOSFETs
studied in this section [43]. Plasma Nitrided Oxide (PNO) devices have been
fabricated using Decoupled Plasma Nitridation (DPN) process [60] with suitable
Post Nitridation Anneal (PNA) [47]. The “PNO with proper PNA” devices W1
through W5 have different starting SiO, base oxide thickness and were subjected to
different N dose during subsequent plasma nitridation, which results in different
Equivalent Oxide Thickness (EOT) and N content of the gate insulator stack. PNO
with non-optimized improper PNA (W6), and N,O based Rapid Thermal Nitrided

Table 1.1 Details of SiON devices for NBTI study using UF-OTF method

Device Type Base oxide N dose TXPS EOT %
no. thickness (A) (x10" cm™?) A) A) N
W1 PNO 15 0.0 + 2.8 18.48 14 23
w2 PNO 20 0.0 +2.9 22.34 17.7 20
W3 PNO 20 0.0+5.3 23.16 15.6 35
W4 PNO 20 0.0 + 6.8 24.37 14.6 43
W5 PNO 25 0.0 + 3.1 28.3 23.5 17
w6 PNO 20 0.0 + 2.7 24.09 20.2 17
(moderate
PNA)
W7 RTNO 25 0.8 + 0.0 26.43 22.5 6
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Oxide (RTNO) devices (W7) [40] are also fabricated. The atomic N content (N%)
of SiON dielectrics is extracted using XPS measurements [46].

1.3.1 Process Impact on Threshold Voltage Degradation

Figure 1.16 shows time evolution of AVt in (a) PNO and (b) RTNO SiON devices
at different stress bias (Vg.str) and temperature (7). Figure 1.16¢, d re-plot the
above data but for longer stress time, fstr. The devices have similar EOT, and the
oxide field during stress is estimated as Eqox = (Vg.str — V10o)/EOT, EOT being the
SiO, equivalent oxide thickness. In spite of lower N dose, RTNO device shows
much larger NBTI degradation as compared to PNO device at identical Eqx and
T. As mentioned before, although overall N content is high, N density at the
Si/SiON interface is lower for PNO compared to RTNO process [14], and it is the
Si/SiON N density that actually controls NBTI degradation. AVt time evolution
increases rapidly at shorter time (fstr < 1 s), and shows power law dependence at
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Fig. 1.16 Time evolution of AVt from short to long stress time for a PNO and b RTNO SiON
p-MOSFETs under NBTI stress at different Vg.grr and 7. Data obtained from UF-OTF
measurements after mobility correction. Re-plot of long-time AVt time evolution data for ¢ PNO
and d RTNO SiON p-MOSFETs



1 Introduction: Bias Temperature Instability ... 17

longer time (tstr > 10 s), with an exponent () that is higher for PNO compared to
RTNO devices. However for a particular PNO or RTNO device, similar n values
are observed across different Eqgx and T. It is interesting to note that appreciable
degradation is observed in the sub-1 ms time scale for RTNO devices, which is not
observed for PNO devices. Furthermore, the large, sub-1 ms degradation in RTNO
devices has weak T activation but non-negligible Eqx dependence as shown.
Overall, PNO devices show stronger Eqgx dependence and T activation compared to
RTNO devices.

Figure 1.17 shows time evolution of AVy at different stress 7, in PNO-SiON
devices having (a) proper PNA process but different PNO N dose, as well as
(b) proper and improper PNA processes and different N dose. In (b), the N content
for the proper PNA process is higher than that for the improper PNA process; refer
to Table 1.1. As expected, AVt increases with increase in N dose for proper PNA
devices as shown in Fig. 1.17a. The long-time power-law time exponent () reduces
with increased N dose. Moreover, PNO devices with high N dose show very high,
but weak T activated degradation in the sub-1 ms time scale. Therefore, PNO
devices with proper PNA but very high N dose behave quite similar to RTNO
devices, as shown in Fig. 1.16b. On the other hand, Fig. 1.17b shows that in spite of
having relatively lower N dose, improper PNA devices show very large overall
AVr, as well as very high, weak T activated degradation in the sub-1 ms time scale.
The power-law time exponent (n) at longer tstr is much lower for improper PNA
devices. Therefore, in spite of lower N dose, improper PNA-PNO devices also
behave similar to RTNO devices, and Fig. 1.17b shows the importance of utilizing
proper PNA [47] after N incorporation using the DPN process [60]. Figures 1.16
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Fig. 1.17 Time evolution of AVt from short to long stress time for PNO SiON p-MOSFETs
having a different N dose and b different PNA, under NBTI stress at different 7. Data obtained
from UF-OTF measurements after mobility correction
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and 1.17 clearly demonstrate that SiON gate insulator process has significant impact
on NBTI degradation. Studying gate insulator process dependence helps understand
the underlying NBTI physical mechanism, which is explained and modeled later in
this book.

1.3.2 Process Impact on NBTI Parameters

The power-law time exponent (n) corresponding to longer time BTI degradation is
of significant interest, since it determines the extrapolation of measured data to
end-of-life. Figure 1.18 plots the exponent () as a function of (a) stress Egx and
(b) stress T for RTNO-SiON and different PNO-SiON devices; n is extracted from
linear regression of AV time evolution data in fgrg range of 10 s to 1 Ks. For all
devices, similar values of n (within experimental error) have been obtained for
different stress Eqx (or Vg.str) and 7. PNO devices having different EOT and low
to moderately high N dose have similar n, which is much larger compared to RTNO
devices. Note that the magnitudes of AVt and n are always reciprocal to each other.
In spite of having lower N dose, RTNO device shows higher AVy and lower
n compared to PNO devices, as evident from Figs. 1.16 and 1.18.

Figure 1.19 plots stress Eqgx dependence of time exponent (n) for PNO-SiON
devices having (a) proper PNA process but different N dose, as well as (b) proper
and improper PNA processes respectively with relatively higher and lower N dose.
Increase in N dose for proper PNA process and the improper PNA process result in
lower n values as shown. Once again, lower n values are exactly reciprocal to
higher AVt values for these processes as shown in Fig. 1.17.
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Fig. 1.18 Extracted long-time power law time exponent n versus a stress Eqx and b stress 7, for
NBTI stress in p-MOSFETs having PNO and RTNO SiON gate insulators. PNO devices have
different N content and EOT



1 Introduction: Bias Temperature Instability ... 19

(a) t,=lus T=125°C r(b) t,=1lus T=125°C

time exponent (n)
(=]
=
T
(=]
S
™

r PNO dose ¢ -
00 A W2, 1.770m,20% 0061 A Proper PNA
0.04 - O W3, 1.56nm,35% 00al O Improper PNA
O W4,1.46nm,43% L O NoPNA
0.02 — T 0.02 L 1.
6 7 8 9 10 6 7 8 9 10
E,, (MV/cm) E,, (MV/cm)

Fig. 1.19 Extracted long-time power law time exponent n versus stress Eqx for NBTI stress in
PNO SiON p-MOSFETs having a different N dose and b different PNA

Before proceeding further, it is important to note that the observed values of 7 is
dependent on the #, delay for OTF measurements, and will be discussed further in
Chap. 2. It is also important to highlight that several stress and measurement
artifacts can impact the stress Egx (or Vg.str) and T independence of measured 7 as
observed in Figs. 1.18 and 1.19, and they are listed as follows:

(a) Additional contribution from TDDB like bulk trap generation ANt can result
in increased n values at longer fgrg for higher stress Vg and/or T, since ANgt
demonstrates higher time exponent, Vs_str acceleration and T activation than
generated interface traps ANjr as mentioned before [32, 33, 61]; refer to
Chap. 4 for additional details. Corruption of NBTI data by TDDB process will
be discussed further in Chap. 2.

(b) Recovery related artifacts associated with relatively slower BTI measurements
can result in increased n values at higher T [62], which is explained in detail
elsewhere [63], and will be discussed in Chap. 2.

(c) In some situations, AVt magnitude can become high enough to significantly
reduce the effective stress Egx [64]. This negative feedback would cause
saturation in AVr at higher stress time, resulting in lower n values. In such
situations, n would reduce at higher stress Vg and T.

(d) Finally, as discussed later in this book, BTI induced Vr shift has two mutually
uncorrelated components, generation of new defects and charging of process
induced pre-existing defects; while the former evolves as power-law with
stress time and has larger T activation, the later saturates quickly and has lower
T activation. In certain situations, especially if BTI experiments are carried out
over a wide range of 7, charging of pre-existing defects would dominate at
lower T and the generation of new defects would dominate at higher 7, hence
the time exponent (n) would increase with increase in 7.
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Therefore, BTI stress and measurements must be carefully done to obtain similar
values of time exponent (n) across different stress Eqgx (or Vg.str) and 7 as shown
in Figs. 1.18 and 1.19.

The observation of similar power-law time exponent (n) for different Eqx and
T implies that longer-time AVy versus fgtr data are parallel to each other when
plotted in a log—log scale, as shown in Fig. 1.16¢, d. Therefore, AV at fixed t5tr
can be extracted for different Eqgx at constant stress 7, and different stress 7 at
constant Eqyx, and the extracted Eqx and T dependence of AVt would therefore be
independent of fgrr. The Epx dependence of BTI can be used to extrapolate
measured accelerated stress data to normal operating condition. The 7" dependence
can be used to understand the underlying BTI physical mechanism, as discussed
later in this book.

Figure 1.20 shows AVt at fixed #5tgr as a function of (a) stress Eqx and (b) stress
T for PNO with proper PNA devices having different N dose and RTNO devices. In
spite of having lower N dose, RTNO devices show higher AVt when compared to
PNO devices for a particular Egx and 7. Moreover, power-law field acceleration
(I'g) and Arrhenius T activation energy (E,) values are lower for RTNO compared
to PNO devices. Note that since AVt shows power-law time dependence for longer
stress time and the time exponent (n) is similar across different Egx and 7, extracted
I'g and E5 would be independent of the fgrr value used for AV measurement. It is
important to remark that unless n remains independent of Eqx and T, extracted I'g
and E, will have not much meaning as their magnitude would be dependent on the
exact value of fgTr used for extraction. Therefore, it is important to ensure that the
artifacts mentioned above are avoided while determining field acceleration and
temperature activation of BTI degradation.
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Fig. 1.20 Fixed time AVy versus a stress Eox and b stress 7, for NBTI stress in SiON
p-MOSFETs having PNO and RTNO gate insulators. Eqx dependence is shown in a log—log plot,
T dependence in a semi-log plot. PNO devices have different N content and EOT
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It is interesting to note from results presented in Figs. 1.16, 1.17, 1.18, 1.19, 1.20
that a particular SiON process that results in higher AVt magnitude also results in
lower NBTI parameters n, E5 and I'g. As a further demonstration of process
dependence of NBTI parameters, Fig. 1.21 plots (a) power-law time exponent
(n) obtained in fgpr range of 10 s to 1 Ks, as well as (b) Arrhenius T activation
energy (E,) and (c) power-law field acceleration factor (I'g) as a function of atomic
N% measured using XPS for different SiON processes [36, 43]. The control SiO,
data are also shown, although it should be noted that the device suffers from Boron
penetration from the poly-Si gate due to very low N content in the gate stack [65].
The PNO with proper PNA devices have different starting base oxide thickness and
were subjected to different N dose, which resulted in different N% in the gate stack
[43] as shown in Table 1.1. For these devices, n, E5 and I'g reduce with increase in
N%, and rapid changes are observed for N > 30 %, presumably due to large
increase in N density at or near the Si/SiON interface. Furthermore, for a particular
N%, RTNO and PNO without proper PNA devices show lower n, E5 and I'g
compared to the PNO with proper PNA devices. This is again attributed to rela-
tively larger N concentration at the Si/SiON interface for RTNO and improper
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Fig. 1.21 a Power-law time exponent n, b T activation energy E, and ¢ Egx acceleration factor
T'g versus XPS measured atomic N% for NBTI stress in different SION processes. PNO devices
have different starting base oxide thickness and different N dose, resulting in different N%. Control
SiO, data are also shown
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PNA-PNO devices. The impact of Nitrogen on NBTI parameters will be explained
later in this book.

1.4 Ultra-Fast DC BTI Characterization in HKMG
MOSFETs

Results presented in this and later sections of this chapter are obtained by Ultra-Fast
Measure-Stress-Measure (UF-MSM) method, where transfer Ipppy versus Vg
characteristics are measured in approximately 10 ps before and during logarith-
mically spaced intervals of BTI stress [66]. As illustrated in Fig. 1.22 and discussed
in detail in Chap. 2, transfer I~V curves are measured for Vg sweeps ranging from
+1.2 to £0.6 V, the “+” and “—” signs are for PBTI and NBTI measurements,
respectively. Vr is extracted from measured /-V sweep data using the conventional
“max-g,,” method [2].

Table 1.2 lists HKMG MOSFETs studied in this and following sections. The
devices were fabricated using Gate First integration scheme having different Rapid
Thermal Process (RTP) based ultra-scaled thermal IL layers. All devices have
identical HfO, High-K thickness. EOT scaling has been achieved by fabricating
RTP thermal IL having thickness of 5 A (D1)and 3 A (D2), post-High-K nitridation
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[Ve.strl 1 e—> < > «— > >

Hesre 'V““""‘"Ii\ \j\l
Measure [V owl-= = = = = = = =
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Pulse [V picnl - «—>—» «—r—>
Me: Vv b

crsure Ve \ \ Mode-B
Measure [Voiowl de - — c oS | L 1 Bee e o 2 255

Pulse Vg ow| "= = == = = = = = =

Fig. 1.22 Applied gate waveforms for (fop) DC and (bottom) mode-B AC stress and UF-MSM
measurements. Default hold time is 50 ns and sweep time is 10 ps. Refer to Chap. 2 for additional
details

Table 1.2 Details of HKMG devices for NBTI and PBTI study using UF-MSM method

Device IL thickness High-K thickness Remarks

no. A) A)

D1 5 23 Low-T RTP

D2 3 23 Low-T RTP

D3 25 23 Low-T RTP, PHKN after high-K
deposition

D4 1.5 23 Low-T RTP in N ambient
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of the 3 A IL device (D3), and sub 2 A IL using RTP on Nitrogen (N) surface
passivated Si surface (D4), refer to [67] and Chap. 3, Fig. 3.2 for further details. All
results shown in Sects. 1.4 and 1.5 are obtained from device D2 unless specifically
mentioned otherwise.

1.4.1 Drain Current Degradation

Figure 1.23 shows transfer Ipp v versus Vg characteristics measured before and
after NBTI and PBTI stress respectively in (a) p-channel and (b) n-channel HKMG
MOSFETs. Reduction in Iy v is observed for both NBTI and PBTI stress. NBTI
results in negative shift and skew of the -V characteristics after stress, while PBTI
only results in positive shift and negligible skew of the I~V characteristics. Shift in
I-V characteristics after stress is a measure of AVt due to gate insulator charges;
positive charges for NBTI causing negative AV, while negative charges for PBTI
causing positive AVrt. The g, versus Vg characteristics are also plotted in Fig. 1.23
before and after (c) NBTI and (d) PBTI stress. The presence of skew in
I-V characteristics implies transconductance degradation (Ag,,) for NBTI stress,
while negligible Ag,, is observed for PBTI stress, consistent with results shown
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Fig. 1.23 a, b Ip |y versus Vg and ¢, d g, versus Vg characteristics measured using the UF-MSM
method before and after a, ¢ NBTI and b, d PBTI stress respectively in p- and n-channel HKMG
MOSFETs
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earlier in Fig. 1.14. Note that the term “transconductance degradation” after NBTI
stress is applicable for peak g,, and for g,, corresponding to low Vg values, while
interestingly, an apparent “improvement” is observed in g,, for high Vg values. The
implication of this aspect will be discussed later in Chap. 2.

Figure 1.24 shows the correlation of peak Ag,, to AVt during NBTI and PBTI
stress respectively in p- and n-channel HKMG MOSFETs. Two different devices
D1 and D2 having different IL thickness of the HKMG gate insulator have been
used. Note that these IL thicknesses are much smaller than the IL thickness of the
devices shown in Fig. 1.14 [16]. The values of Ag,, and AV are obtained from /-
V characteristics for different intervals of BTI stress, the stress being performed at
different Vg_str. For a given AVy, NBTI shows much larger Ag,, than PBTI stress.
Identical Ag,, to AVt correlation is observed for different IL thickness for NBTI
stress. On the other hand, PBTI stress on devices having thicker IL has negligible
Ag,,., while higher Ag,, for a given AV is observed for PBTI stress on the gate stack
with thinner IL. This is consistent with the fact that NBTI results in IL degradation
while PBTI causes degradation of the HfO, High-K layer. The increase in Ag,, for a
given AVy for PBTI stress in thinner IL stack is due to increase in Coulomb
scattering, since High-K charges come closer to the channel as IL is scaled. Once
again, Fig. 1.24 shows absence of IL degradation during PBTI stress in
well-optimized devices.

1.4.2 Threshold Voltage Degradation

Figure 1.25 shows time evolution of AVt from very short to long stress time (fstR)
during (a) NBTI and (b) PBTI stress in p- and n-channel HKMG MOSFETs
respectively, the stress being done at different Vs _gtr and T. Figure 1.25¢, d re-plot
the same data for longer fstr. As expected, enhanced BTI degradation is observed
when stress is done at higher V_gtr and 7, which is true for both n- and p-channel

Fig. 1.24 Correlation of Ag,, [ ® 3AIL(D2) O SAIL(DI)
versus AVy for NBTI and 015 o
PBTI stress respectively in p- o ©
and n-channel MOSFETSs i 0O
having different IL thickness o 0.10 NBTI —
of HKMG gate insulator stack of &

4 - R (e}

G
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Fig. 1.25 Time evolution of AVt from short to long stress time for a NBTI and b PBTI stress
respectively in p- and n-channel HKMG MOSFETs at different Vg_gtr and 7. Data obtained from
UF-MSM measurements. Re-plot of long-time AV time evolution data for ¢ NBTI and d PBTI
stress

devices. Note that similar to NBTI in SiON p-MOSFETs, AV for both NBTI and
PBTI in HKMG MOSFETs also show rapid increase in time during the initial
period of stress (tstr < 1 s), while power law time dependence (AVy ~ ") is
observed for relatively longer stress time (fstgr > 1 ).

Figure 1.26 plots long-time power law time exponent (n) as a function of (a, b)
stress Eox and (c, d) stress T, for both (a, ¢) NBTI and (b, d) PBTI stress
respectively in p- and n-channel HKMG MOSFETs. The exponent is obtained by
linear regression of measured AV time-evolution data in fgrg interval of 10 s to 1
Ks. For this particular HKMG process, NBTI and PBTI show similar values of n;
moreover, the values of n are also similar across different stress Eqgx and 7. Note
that the stress Eqgx and T independence of n is similar to that observed for NBTI in
SiON p-MOSFETs, and is obtained only when the artifacts mentioned in Sect. 1.3
do not influence BTI stress and measurements.

To evaluate the impact of stress Eqx and T, BTT stress tests were performed at
three sets of T; for each T, three sets of Eqx have been used, and the time evolution
of AVt has been obtained. Figure 1.27 plots the (a, b) stress Eqgx and (c, d) stress
T dependence of AVy at a fixed fgr, obtained from measured AVt time evolution
data for (a, c) NBTI and (b, d) PBTI stress in p- and n-channel HKMG MOSFETs,
respectively. The Eqx dependence of AVr is used to extract the power-law field
acceleration factor (I'g), which is found to be independent of 7, as shown in
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Fig. 1.26 Extracted long-time power law time exponent n versus a, b stress Eqx and ¢, d stress T,
for a, ¢ NBTI and b, d PBTI stress respectively in p- and n-channel HKMG MOSFETs

Fig. 1.27a, b respectively for NBTI and PBTI stress. On the other hand,
T dependence of AV for three sets of Egy is used to extract Arrhenius 7 activation
energy (E4), which is found to be independent of Egx, as shown respectively in
Fig. 1.27c, d for NBTI and PBTI stress. Note that it is important to obtain parallel
AVt versus tstr curves when plotted in a log—log scale, or similar time exponent
n across different stress Eqgx and 7, to obtain similar 'y and E4 at different fgTr as
mentioned before. Therefore, the experiments must be free from different stress and
measurement artifacts as mentioned in Sect. 1.3. Moreover, note that
T independence of ['g and Egx independence of E, is also obtained only when BTI
stress and measurements are free from the artifacts mentioned in Sect. 1.3.

As a counter example, lower than expected AVt would be measured at higher
Eox and/or higher T when BTI is impacted by stress saturation. In such situations,
lower exponent n would be obtained at higher stress Eqgx and T, the Egx accel-
eration factor I'y would be lower at higher 7, while the T activation energy Ex
would be lower at higher Eqx, and the independence observed in Fig. 1.27 would
be lost. In a similar way, recovery impact or TDDB traps would also corrupt
extraction of I'g and E,, since these effects would result in non-parallel AVt versus
tsr curves in a log—log plot or different n for different stress Eqx and T. Therefore,
BTI stress and measurements must be carefully done to obtain mutually indepen-
dent I'g and E, values.
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Fig. 1.27 Fixed time UF-MSM measured AVy as a function of a, b stress Egx for different stress
T (log—log plot) and ¢, d stress T for different stress Egx (semi-log plot) obtained under a, ¢ NBTI
and b, d PBTI stress respectively in p- and n-channel HKMG MOSFETs

1.5 Ultra-Fast Characterization of BTI Recovery and AC
Degradation in HKMG MOSFETSs

As mentioned before, it is now well known that BTI degradation recovers after the
reduction of stress Vg [31, 34]. On one hand, recovery poses a serious challenge to
BTI measurements, as experimental data must be obtained to capture the true effect
of stress with negligible impact of recovery. This is discussed in Chap. 2. On the
other hand, recovery results in lower BTI degradation for AC stress, as buildup of
AVt during pulse on phase partially recovers during pulse off phase. This “relief” in
degradation obtained for AC BTT is of interest to all switching CMOS circuits, and
is modeled in Chap. 6.

1.5.1 Recovery Measurements

Figure 1.28 shows the time evolution of AVt measured after DC (a) NBTI and
(b) PBTI stress respectively in p- and n-channel HKMG MOSFETs. The devices
were first stressed at a fixed Vg.gtr and for a fixed duration of fgtr, and subse-
quently the Vg is reduced to a low value (Vg = Vg.rec), and the recovery of AV is
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measured using 10 ps UF-MSM method in logarithmic intervals of time. Three
different values of V5 rgc have been used as shown, while MSM [-V sweeps were
always performed in the Vg range of £1.1 to 0.6 V, the “+” and “—” signs
respectively represent PBTI and NBTI measurements. Note that AVp starts to
recover immediately after stress when the devices are recovered at Vg.grgc = 0 V.
However, a delayed start of recovery is observed and overall magnitude of recovery
is lower when recovery is done at higher |Vg.rgc| Interestingly, note that both
NBTI and PBTI demonstrate very similar impact of recovery Vg as shown.

As a further illustration, Fig. 1.29 shows magnitude of AVr recovery as a
function of recovery Vg for different recovery time (fgrgc). The recovery values are
obtained from measured time evolution of AVt recovery after DC (a) NBTI and
(b) PBTI stress in p- and n-channel HKMG MOSFETSs respectively, while stress Vg
and stress time were kept constant across all experiments. As shown, the magnitude
of AVy recovery is governed by both Vg rec and trgc. In these HKMG devices, for
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a particular frgc, lower AVr recovery is observed for |Vg.rec| > 0.6 V, while the
magnitude of AVy recovery significantly increases for |Vg.rec| £ 0.4 V, and similar
behavior is observed for both NBTI and PBTI stress.

The information provided in Fig. 1.29 can be used as a guideline to determine
the correct procedure for “recovery artifact free” BTI measurements. As discussed
in detail in Chap. 2, BTI measurements are often performed by reducing Vg from
stress, either by using full Ipy v versus Vg sweep [66] or using Ipp ;v measurement
at a fixed Vg [62]. The measurement time and measurement Vg (fixed or sweep
range) would determine the magnitude of BTI recovery. It is obvious that recovery
would be higher for higher measurement or stress-off time, while recovery would
also be higher if relatively lower |Vg| is used for end of sweep or one spot mea-
surements. The sweep Vi range and sweep time for UF-MSM measurements used
in these sections are chosen to keep BTI recovery at a minimum. Finally, it is
important to note that many industry level BTI measurements are done using 1 ms
delay where I 1 is recorded at a fixed, low Vg (close to pre-stress V) value [62].
Such measurements would likely suffer from recovery related artifacts and need
careful attention. This aspect is discussed in Chap. 2.

1.5.2 AC BTI Measurements

AC stress waveform having a particular pulse duty cycle (PDC) and frequency (f) is
applied to the gate, as shown in Fig. 1.22 and discussed in detail in Chap. 2, and full
I-V measurements are performed in 10 ps before and during stress, by interrupting
the stress at logarithmic intervals of time. The stress time, fstr is recorded till the
end of last full cycle as shown, and the net pulse on time would therefore depend on
the value of PDC. Similar to DC stress, I-V sweeps are done in the V5 range of 1.1
to £0.6 V, the “+” and “—” signs represent PBTI and NBTI measurements,
respectively. Note that it is necessary to use identical measurement delay and sweep
bias range for DC and AC experiments, to determine proper AC/DC BTI ratio. This
aspect will be discussed in Chap. 2.

Figure 1.30 shows time evolution of AVt for AC (a) NBTI and (b) PBTI stress
respectively in p- and n-channel HKMG MOSFETs. AC gate pulse with different
PDC and f but identical Vs str and 7 have been used; note that Vg grg for AC
stress denotes the pulse high value (Vg.gigh). Pulse low value (Vg ow) is kept at
0 V unless mentioned otherwise. As mentioned before, tgrg for AC stress is the
time during which AC pulse is applied to gate, while the actual stress happens only
during the pulse on time, given by the value of PDC * tgtg. Only long zstr values
of AVr are plotted, which shows power-law time evolution with similar time
exponent n across different PDC and f. As shown, AV increases at higher PDC but
remains independent of f for both NBTI and PBTI stress. The DC stress data are
plotted for reference, which show higher AVt when compared to AC stress. As
mentioned before, AC BTI is lower than its DC counterpart due to recovery; AVt
increases with increase in PDC due to reduction in pulse off or recovery time.
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Fig. 1.30 Time evolution of AVr for AC a NBTI and b PBTI stress respectively in p- and
n-channel HKMG MOSFETs at different pulse duty cycle and frequency. Time evolution of AV
for DC NBTI and PBTI stress is also shown. Data obtained from UF-MSM measurements

On the other hand, for a particular PDC, the net pulse on and off times remain
identical for AC pulses having different f and AC BTI is independent of f. The PDC
and f dependence of BTI will be explained and modeled later in this book.

Figure 1.31 plots the measured time exponent n for AC (a, ¢c) NBTI and (b, d)
PBTI stress for different (a, b) PDC and (c, d) fof the gate pulse. All experiments were
performed at identical V5_gtr and 7, and as before, the exponent 7 is extracted by
linear regression of measured data in z5tg range of 10 s to 1 Ks. The DC value is also
shown as reference. Note that n for AC stress remains independent of PDC and f, and
has higher value when compared to DC stress. Moreover, similar values of n are
obtained for NBTI and PBTI for both DC and AC stress. The physical mechanism
responsible for different n for AC and DC BTI will be discussed later in this book.

Figure 1.32 plots AV at fixed fgtr for AC (a, ¢) NBTI and (b, d) PBTI stress in
p- and n-channel HKMG MOSFETs, respectively. Experiments were performed at
different PDC and constant f, see Fig. 1.32a, b, and at different f and constant PDC,
see Fig. 1.32c, d, for identical Vg.gtr and T. In addition to the default pulse low
(Vg.Low) value of 0 V, the PDC dependent experiments were also done at higher |
Vi-Low| of 0.8 V, while Vg gtr or pulse high value is kept constant. On the other
hand, the f dependence is studied at different PDC. As mentioned before, t5Tr for
AC stress is the time for which the AC pulse is applied, while the actual stress time
will be governed by PDC and hence the pulse on time. The corresponding DC data
at identical T, Vg.gtr and tgTgr are also shown.

The PDC dependence of AVt demonstrates a typical “S” curve for both NBTI
and PBTI stress as shown respectively in Fig. 1.32a, b. Note that AVy increases
with increase in PDC and a “kink” or “jump” in AVt magnitude is observed for
both NBTI and PBTI, between high PDC AC and DC stress. For a particular PDC,
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Fig. 1.31 Extracted long-time power law time exponent n versus a, b pulse duty cycle and c,
d frequency, for AC a, ¢ NBTI and b, d PBTI stress respectively in p- and n-channel HKMG
MOSFETs. DC data are shown as reference
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the AC/DC ratio depends on the pulse low value; higher AVt for AC stress is
observed when AC stress pulse has relatively higher |Vg.1ow|. This is observed for
both NBTI and PBTI and is fully consistent with lower AV recovery for higher |
Vo-rec| as shown in Fig. 1.29. On the other hand, f independence of AVy is
observed for different PDC and for both NBTI and PBTI stress, as shown,
respectively, in Fig. 1.32c, d. The dependence of BTI degradation on PDC, f and
Vi-Low of stress AC gate pulse will be explained and modeled later in this book.

1.6 Ultra-Fast Characterization of the Impact of HKMG
EOT Scaling on BTI

As shown in Fig. 1.1, HKMG gate insulator stack consists of two layers; SiO, (or
SiON) based IL and High-K dielectrics. The present state-of-the-art HKMG gate
insulator stacks used in sub 20 nm technology nodes have Chemical Oxide
(Chem-Ox) IL and HfO, High-K layers, having thicknesses of ~6-7 and ~ 15—
18 A, respectively [15-18]. It is difficult to reduce the HfO, High-K thickness from
its present value of ~15-18 A due gate leakage, and further EOT scaling can be
achieved by either nitridation of the gate stack after High-K deposition or by
reducing the IL thickness, as discussed in detail elsewhere [67]. Note that reducing
the High-K thickness by 1 A reduces EOT of the gate stack only by 0.2 A, but
increases the gate leakage current (Ig) by 10x [68], and is not beneficial. On the
other hand, reduction of IL thickness by 1 A reduces the gate stack EOT by the
same amount, while the gate leakage increases by 10x for every 2 A reduction in IL
thickness. Therefore, IL thickness scaling is more beneficial than High-K thickness
scaling. Oxygen scavenging method has been used for Chem-Ox IL scaling [69];
the scaled stacks have good leakage and mobility but suffer from severe increase in
BTI degradation [58]. On the other hand, Rapid Thermal Process (RTP) based
thermal IL has been successfully scaled down to a thickness of less than 2 A [67],
as shown in Table 1.2, and the scaled gate stacks demonstrate good leakage,
mobility as well as BTI reliability. In this section, the impact of EOT scaling of
thermal IL stacks, achieved by gate insulator nitridation following High-K depo-
sition as well as IL thickness scaling, on DC BTI is studied. As mentioned before,
BTI degradation is characterized using 10 ps UF-MSM method.

1.6.1 Effect of Nitrogen (N) Incorporation

Figure 1.33 shows AVt time evolution during (a, b) NBTI and (c, d) PBTT stress in
p- and n-channel HKMG MOSFETs, respectively. The gate insulator stacks of
these devices were fabricated (a, c) with nitridation after High-K deposition (D3)
and (b, d) RTP IL growth on N passivated Si surface (D4), as shown in Table 1.2
and described in detail in Chap. 3, refer to Fig. 3.2. Since nitridation changes the
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Fig. 1.33 Time evolution of AVt for a, b NBTI and ¢, d PBTI stress respectively in p- and
n-channel HKMG MOSFETs with gate stacks having a, ¢ post High-K nitridation (D3) and b,
d nitrided IL (D4); refer to Table 1.2 for device details. Data obtained from UF-MSM
measurements

EOT of the gate insulator, Vg_gtr has been adjusted to obtain identical Eqgx during
stress. Once again, Egy is obtained using a simple formula of (Vg_str — V10)/EOT,
where Vg is pre-stress Vr.

Only the long fsr data measured at different stress Eqgx and T are plotted.
Similar to non-nitrided devices shown in Fig. 1.25, measured AV data in different
type of nitrided devices also demonstrate power law time dependence; the time
exponent n, extracted in zgTr range of 10 s to 1 Ks, is always lower for nitrided
devices as compared to their non-nitrided counterparts for both NBTI and PBTI
stress. Similar to the non-nitrided device, measured n for nitrided device is also
independent of stress Eqx and T for both NBTI and PBTI stress, as long as the
artifacts mentioned in Sect. 1.3 are avoided. For identical stress Eqgx and 7, NBTI
shows higher AVt for the nitrided device D3 compared to its not nitrided coun-
terpart D2, refer to Figs. 1.25 and 1.33. Note that the impact of N on NBTI
magnitude and time exponent n is exactly identical for SiON and HKMG
p-MOSFETs. However device D3 shows lower AVt compared to device D2 for
PBTI stress, and therefore, N has just the opposite impact on PBTI magnitude when
compared to NBTI stress. However, similar to NBTI, N also results in lower n for
PBTI stress as shown. Process impact of NBTI and PBTI is modeled in Chap. 4.
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Figure 1.34 plots (a, b) stress Egx and (c, d) stress T dependence of measured
AVr, obtained at fixed tstr for (a, ¢) NBTI and (b, d) PBTI stress respectively in p-
and n-channel HKMG MOSFETSs. Results are shown for thermal IL based gate
insulator stacks without (D2) and with (D3) post High-K nitridation, and also with
N passivated IL (D4), refer to Table 1.2. The Eox dependence experiments were
performed at constant 7, while T dependence is studied at constant Egx. Note that
for any Egx and 7, devices having N in the gate stack show higher AVt for NBTI
but lower AVy for PBTI when compared to non-nitrided device. Moreover, the
nitrided devices demonstrate lower power-law field acceleration I'g and T activation
E for both NBTI and PBTI stress, when compared to the non-nitrided device. Note
that similar to non-nitrided devices, obtained I'g and E values are independent of
tstr Since AVt shows power law time dependence with similar n across stress Eox
and T. Moreover, ['g is independent of stress T and E, is independent of stress Eqx,
not explicitly shown here for brevity, as the artifacts mentioned in Sect. 1.3 do not
play a significant role.

Therefore, expect for the magnitude of AV that increases for NBTI but reduces
for PBTI, other BTI parameters such that time exponent (n), field acceleration (I'g)
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Fig. 1.34 Fixed time UF-MSM measured AV as a function of a, b stress Egx and ¢, d stress T,
obtained under a, ¢ NBTI and b, d PBTI stress respectively in p- and n-channel MOSFETSs having
different HKMG gate insulator processes. Eox dependence is shown in a log-log plot,
T dependence in a semi-log plot
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and Arrhenius T activation energy (E,) reduce when N is introduced in HKMG

stacks. The mechanism responsible for the impact of N on NBTI and PBTI will be
discussed later in this book.

1.6.2 Effect of Interlayer (IL) Scaling

Time evolution of AV is measured during NBTI and PBTI stress respectively in p-
and n-channel HKMG MOSFETs having RTP thermal IL based HKMG gate stacks
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¢, d power-law time exponent 7, e, f power-law Eqx acceleration factor I'g, and g, h T activation
energy Ex for NBTI (left panels) and PBTI (right panels) stress respectively in p- and n-channel
HKMG MOSFETs
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of varying EOT as listed in Table 1.2, refer to Chap. 3 for additional details [67].
BTI stress has been performed and time evolution of AV is measured at different
Vis-str and constant 7, and different T at constant V_gtr. The magnitude of AVt is
extracted at identical gate overdrive (Vg.str — V1o), T and fgrr, while the time
exponent n, which is found to be independent of Vg.str and T for all devices, is
extracted by linear regression in the 7grr range of 10 s to 1 Ks. The power-law Eqgx
acceleration I'g and Arrhenius T activation E, of AV is extracted at fixed tgtgr of 1
Ks. However as mentioned before, similar I'g and E values would be obtained at
different fgrr as the devices show similar power-law time exponent n for different
stress Egx and T. Moreover, ['g has been found to be independent of stress 7 and
E4 is independent of stress Eqx for all devices.

The measured data are plotted in Fig. 1.35 to show the IL scaling impact on (a,
b) AVr, (c, d) time exponent n, (e, f) power-law field acceleration I'g and (g, h)
Arrhenius T activation E, for both NBTI and PBTI stress. Note that extreme EOT
scaling is achieved by either post-High-K nitridation or by using N surface pas-
sivation before IL growth, and would imply higher N concentration for the two
lowest EOT gate stacks.

It can be readily observed that AV increases as EOT is scaled for NBTT stress.
Although AVry increases with EOT scaling also for PBTI stress, the nitrided devices
have lower AVy than non-nitrided devices as shown. Since experiments are per-
formed at constant overdrive, EOT scaling results in higher Eqx. NBTI degradation
increases with nitridation and increase in Eqgx as EOT is scaled. On the other hand,
PBTI degradation reduces due to nitridation but increases with increase in Egx as
EOT is scaled. The parameters n, I'y and E5 reduce with EOT scaling for both
NBTI and PBTI stress. The observed reduction in BTI parameters n, ['g and E4
with IL scaling is consistent with the impact of N shown earlier in Figs. 1.33 and
1.34. The impact of EOT scaling on BTI magnitude and its parameters will be
explained and modeled later in this book.

1.7 Summary

To summarize, NBTI is shown to degrade the performance of SiON and HKMG
p-MOSFETs, while only HKMG n-MOSFETs suffer from PBTI issues. The gate
insulator process is shown to significantly impact BTI degradation for both SiON
and HKMG MOSFETs. The role of gate oxide quality, post metallization anneal,
Nitrogen and Fluorine incorporation on NBTI degradation in SiO, and SiON
p-MOSFETs and the impact of gate insulator processes on NBTI and PBTI deg-
radation in HKMG MOSFETs are reviewed from published reports. The relative
magnitude of NBTI and PBTI degradation in recent HKMG technologies is shown
to be process and industry specific, although the latest RMG HKMG based
FinFETs demonstrate higher NBTI and negligible PBTI degradation universally
across the semiconductor industry.
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An ultra-fast OTF method has been used to study gate insulator process impact
of NBTI for SiON p-MOSFETs. It is observed that PNO devices having relatively
moderate N dose and proper PNA show lower overall V1 degradation and negli-
gible AVt in sub-1 ms stress time, higher power-law time exponent n at longer fstg,
and stronger Egx acceleration I'g and T activation E,. However, PNO with proper
PNA devices having large N dose, PNO with improper PNA devices, and RTNO
devices show very large overall degradation and significant AVt in sub-1 ms time
scale, lower power-law time exponent n at longer fgtgr, and weaker Eox and
T dependence. Rather than total N dose, the N density at the Si/SiON interface
controls NBTI.

An ultra-fast -V characterization method has been used to measure NBTI and
PBTI degradation respectively in p- and n-channel MOSFETs having
state-of-the-art HKMG gate insulator stacks. The impact of post-High-K Nitrogen
incorporation and IL scaling has been studied. Time evolution of BTI during and
after DC stress and during AC stress is characterized, and the impact of stress bias,
temperature, duty cycle and frequency have been analyzed. The following obser-
vations are made:

(a) The magnitude of AV for NBTI stress increases while that for PBTI stress
reduces with N incorporation in the gate insulator stack, when compared at
identical stress Egx and 7. The impact of N incorporation on NBTI has been
found to be similar for SiON and HKMG p-MOSFETs.

(b) The magnitude of AVt for NBTI increases with IL scaling for HKMG devices
when compared at constant overdrive bias. The magnitude of AVy for PBTI
also increases with IL scaling, but nitrided devices show lower AVt compared
to non-nitrided devices.

(c) Time evolution of AVt shows power-law dependence having exponent n at
longer stress time. Similar n has been observed for NBTI and PBTI stress,
which does not vary with stress Eqgx and 7, but reduces with higher N con-
centration in the gate stack and IL scaling. The impact of N incorporation on
n has been found to be similar for SION and HKMG p-MOSFETs. The
exponent 7 is higher for AC compared to DC stress, and does not vary with
PDC and ffor AC stress.

(d) Power-law field dependence I'g and Arrhenius 7T activation energy E, values
have been found to be independent of stress T and Epx respectively for both
NBTI and PBTI stress. The values of I'g and E, reduce with increase in N
concentration and IL scaling. Once again, the impact of N incorporation on I'g
and E, for NBTI has been found to be similar for SiON and HKMG
p-MOSFETs.

(e) Reduction of AVy during recovery following NBTI and PBTI stress shows
strong dependence on gate bias during recovery experiments.

(f) AC NBTI and PBTI degradation show similar “S” shaped dependence on
pulse duty cycle but show frequency independence. A kink or jump in AVt
magnitude is observed between large PDC AC and DC stress.

These features will be explained and modeled in this book.
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Chapter 2

Characterization Methods for BTI
Degradation and Associated Gate
Insulator Defects

Souvik Mahapatra, Nilesh Goel, Ankush Chaudhary, Kaustubh Joshi
and Subhadeep Mukhopadhyay

Abstract In this chapter, different characterization methods are discussed to
determine BTI degradation of MOSFET parameters and to directly estimate the
pre-existing and generated gate insulator defects responsible for BTI. Vi shift is
obtained from full Ip—Vg sweeps and also from spot I, measurements at fixed Vg;
one spot measurements are performed either on-the-fly at stress Vg or by dropping
down to a lower Vg from stress. Impact of measurement delay and mobility deg-
radation on V extracted from different methods is discussed. Flicker noise method
is used to access the density of pre-existing defects for different gate insulator
processes. Gated diode or DCIV, charge pumping (CP) and low voltage SILC
methods are used to determine trap generation at or near the interface between Si
channel and gate insulator. Conventional SILC is used to estimate generation of
bulk gate insulator defects. Different artifacts related to improper choice of stress
bias and measurement delay are discussed.

2.1 Introduction

As discussed in Chap. 1, Bias Temperature Instability (BTI) in Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) is normally assessed by stressing
the device at higher than nominal gate bias (Vg = Vg.sTr), and recording the shift in
device parameters in logarithmic intervals of stress time (fstr). Degradation in
device parameters, such as threshold voltage shift (AVy), is extracted from drain
current (Ip) measured before and after stress. I is usually measured in the linear
operating regime (Ippn), with a low drain bias (Vp) to keep oxide field (Epx)
almost uniform across the channel during stress.

S. Mahapatra (D<) - N. Goel - A. Chaudhary - K. Joshi - S. Mukhopadhyay
Department of Electrical Engineering, Indian Institute of Technology Bombay,
Mumbai 400076, India

e-mail: souvik@ee.iitb.ac.in; mahapatra.souvik @gmail.com

© Springer India 2016 43
S. Mahapatra (ed.), Fundamentals of Bias Temperature Instability

in MOS Transistors, Springer Series in Advanced Microelectronics 139,

DOI 10.1007/978-81-322-2508-9_2


http://dx.doi.org/10.1007/978-81-322-2508-9_1

44 S. Mahapatra et al.

In earlier days, complete In—Vg sweeps were taken to extract Vi before and
during BTT stress, the later was achieved by interrupting the stress for few seconds
for measurements [1]. It was soon realized that BTI degradation recovers sub-
stantially after stress is paused for measurement [2, 3], and for certain situations, as
much as 50 % of degradation recovers in just 1 s after stoppage of stress [4]. This
makes the conventional, slow In—Vg sweep based Measure-Stress-Measure (MSM)
technique unsuitable for BTI characterization, since it cannot capture the correct
degradation magnitude. To circumvent this recovery issue, three different ultra-fast
measurement techniques have been proposed in the literature, i.e., On-The-Fly
(OTF) IpLin» MSM and One Spot Drop Down (OSDD), and are described in this
chapter.

All three classes of measurements described in this chapter can be implemented
using the setup illustrated in Fig. 2.1 [5-7]. A pulse generator is connected to the
gate terminal of a MOSFET and is used to apply the desired stress and measurement
biases. Source and substrate terminals are grounded, and the drain terminal is
connected to a current—voltage converter (IVC) and subsequently to a digital
storage oscilloscope (DSO). The combination of IVC and DSO helps in ultra-fast
Ipp v measurement in ~ microseconds measurement time (#y;). All methods are
described in this chapter are for Negative BTI (NBTI) stress in p-MOSFETs,
although these can be readily adopted for Positive BTI (PBTI) stress in
n-MOSFETs.

As described in detail later in this book, BTI is due to uncorrelated contribution
from charging of pre-existing defects as well as generation of new defects during
stress in the gate insulator of a MOSFET, and measured AVt can be decomposed
into these underlying sub-components. Therefore, it is important to independently
and directly access the pre-existing and generated gate insulator traps for different
gate insulator processes, to verify the accuracy of the decomposition method. Such
assessment can be done using different trap characterization methods, i.e., Flicker
(1/f) Noise, Charge Pumping (CP), Gated Diode (DCIV), Stress Induced Leakage
Current (SILC) and Low Voltage (LV) SILC, and are described in this chapter.

Finally, it is important to remark that several stress and measurement artifacts
can corrupt BTT experiments and are also discussed in this chapter. Since BTI and
TDDB stress regimes are essentially the same, shown in Chap. 1, Fig. 1.2, and since

Fig. 2.1 Schematic of a
representative setup for
ultra-fast BTI measurements

IVC

—y K DSO
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TDDB defects have significantly different gt and Vg dependence, caution must be
used to avoid TDDB corruption of BTI experiments. Several artifacts related to BTI
recovery are also discussed.

2.2 Ultra-Fast On-the-Fly (UF-OTF) Method

Figure 2.2 shows the schematic of OTF measurement method. BTI induced Ip 1n
degradation is measured on-the-fly at stress (Vg = V.sTr) Without reduction in Vg,
and hence the technique does not suffer from recovery issues [3, 5]. However, the
first data point (Ippno) measured immediately after the application of Vg.gr i
assumed to be unstressed, and extracted Alpy v (=IpLin — IpLivo) therefore depends
on the time-zero delay (7, delay) between application of Vg_gtr and measurement of
IpLino [5, 8]. IpLino has been measured by using 7, = 1 ms in conventional OTF [3,
9] and #y, = 1 ps in Ultra-Fast OTF (UF-OTF) [5, 8] setups. Furthermore, the OTF
technique needs to be modified to account for mobility degradation (Aues),
as-measured Alp;n is influenced by both AVy and Ayeg, as shown in Chap. 1,
especially for NBTI stress in p-channel MOSFETsS [10]. In [11], the OTF method is
modified presumably to account for mobility degradation, where a small gate pulse
is superimposed on Vg_gtr to measure transconductance (g,,), and AV is calculated
using AVt = Alppin/g,,- However, it will be shown later that this method is not
effective in providing correct AVr, and also suffers from complications associated
with application of a complex gate waveform. An alternative approach is to com-
pute AV = —Alp inIpLivo * (Va.str — Vo) by applying only a DC stress bias and
measuring Ip iy at Vg = Vg.str, Where Vg is pre-stress Vp of the device.
A post-processing correction procedure involving additional Ip—Vs sweep mea-
surements is used to correct for the impact of Au.r and convert AV to AVy [12],
which is discussed later in this chapter. OTF and UF-OTF methods have been

Fig. 2.2 Schematic of OTF

measurement of BTI 0 VA‘
degradation during stress.
Default time-zero delay is
1 ps unless mentioned
otherwise
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extensively used to characterize the gate insulator process dependence of NBTI
degradation especially in Silicon Oxynitride (SiON) p-MOSFETs [9, 13], which
will be discussed and analyzed later in this book.

2.2.1 Impact of Measurement Delay for DC Stress

Accuracy of the OTF technique depends on time-zero or #, delay as mentioned
before, as the first data point measured immediately after the application of V_gtR,
i.e., IpLiNo, 1s assumed as unstressed. As shown in Fig. 2.2, ¢, delay is the time lag
between application of Vs_str and measurement of Ip; ino. For a particular #, delay,
a device that degrades more rapidly soon after the initiation of stress would show
larger f, delay impact on measured Alp; n and vice versa. OTF measurements with
to delay down to 1 ps have been made using the setup shown in Fig. 2.1 [5, 8], and
relevant results are discussed in this section. Although the implementation and
results are shown for the case of NBTI in SiON p-MOSFETs, OTF method can be
used to study NBTI and PBTI in HKMG devices as well.

Figure 2.3a plots Ip;y measured before, during and immediately after appli-
cation of Vg.grr for OTF measurement in SiON p-MOSFET having Plasma
Nitrided Oxide (PNO) gate insulator; refer to Chap. 1, Table 1.1 for SiON device
details. In the beginning, the pulse generator shown in Fig. 2.1 supplies a low DC
Vi to the gate terminal of the MOSFET, and the DSO is triggered to start sampling
of Ip v in 1 ps intervals. The pulse generator is triggered next and Vg ramps up to
Vi-str» and DSO sampling captures the associated rise in Ipp v as the MOSFET is
driven to strong inversion. The first data point, i.e., Ipyno, 1S captured within 1 ps
of the time of Vg becoming equal to Vg_str. Measured Ip; v then starts to decrease
with increase in stress time due to BTI degradation.

(a) 800 0.5 (b) 775
T=125°C T=125°C
750 1 750 - OOOooOG
00D
= 700 —_ Ooq
< < < 725}
=1 1150 =3 O PNO, W5
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Fig. 2.3 OTF stress measurement: a application of gate stress voltage and corresponding
measured Ip; v, and b time evolution of Ip; jy degradation for PNO and RTNO SiON p-MOSFETs
under NBTI stress
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Figure 2.3b shows measured Ipy v from short to longer stress time for PNO and
Rapid Thermal Nitrided Oxide (RTNO) SiON p-MOSFETs. Measured I N at
Vis-str Starts to degrade due to BTI degradation. Although the devices have similar
Equivalent Oxide Thickness (EOT), RTNO device shows lower starting Ip; ;n and
larger rate of Ipp |y degradation with increase in stress time, fgyr. As mentioned
before, Alpp v is calculated from measured Ipy i degradation using Iny v — Iprimvos
and although the first data point captured within 1 ps can be used as Iy o, it iS
possible to choose measured Ipp v at different zgtr as Ippno to study the impact of
different 7, delay on Alpyn. BTI degradation is estimated using AV = —Alpp N/
Iptinvo ¥ (Va.str — V1) as mentioned above, where Vrp is pre-stress Vr of the
device, and mobility correction has been used to convert AV to AVt using the
method described in [12] and discussed later in this chapter.

Figure 2.4 plots AV time evolution measured in (a) PNO and (b) RTNO devices
using different #, delay. Higher degradation is obtained using lower f, delay as it
captures a less degraded Ippno and vice versa. Significantly, larger impact of 7,
delay is observed for RTNO compared to PNO device, as RTNO device has larger
rate of Ipp v degradation just after the initiation of stress as shown in Fig. 2.3b.

In spite of having similar EOT and much lower Nitrogen (N) content as men-
tioned in Chap. 1, Table 1.1, the RTNO device has much larger BTT magnitude
compared to the PNO device when stressed at identical electric field, Egyx, and
temperature (T), and measured using identical #, delay; Eox is calculated using
(Vgstr — V1o)/EOT. Interestingly, the RTNO device shows large degradation in
the sub-1 ms time scale when measured using 7y delay of 1 ps, which is not
observed in the PNO device, or with OTF measurements with higher #, delay. This
observation has significant implication in understanding the underlying physical
mechanism of BTI, and will be discussed in detail in Chap. 6. Therefore, Fig. 2.4
clearly demonstrates the importance of ultra-fast OTF measurements to accurately
capture device degradation during BT stress. Time evolution of NBTI degradation
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Fig. 2.4 Time evolution of OTF measured and mobility corrected AV for different time-zero
delay, for a PNO and b RTNO SiON p-MOSFETs under NBTI stress. See Sect. 2.3 for mobility
correction
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at different stress Eqox and T measured using the ultra-fast OTF method in differ-
ently processed SiION p-MOSFETs has been shown in Chap. 1 and further analyzed
later in this book.

As mentioned in Chap. 1, Fig. 1.16, BTI degradation shows power-law time
dependence at longer stress time. Measured data are plotted in a log-log plot and the
power-law time exponent (n) is obtained using linear regression in a specified time
range. To verify the robustness of power-law time dependence, Fig. 2.5a plots
n calculated from AVy time evolution data as a function of Vg grr for NBTT stress
in PNO-SiON p-MOSFET. Extraction is done for different ranges of tgtr over
which regression has been performed. Note that within measurement error, similar
values of n are observed for different tsTr range and across different stress Vg, as
long as AVr is measured using a small 7y delay such that recovery artifacts remain
negligible. It is important to note that the Vs independence of n shown in Fig. 2.5a
does not hold all the time. As mentioned in Chap. 1, measured n can reduce at
higher V5_str due to saturation effects, which is caused by reduction in stress Egx
at longer tg7g when AVy becomes large. On the other hand, n can also increase at
higher Vs_str especially for thicker gate insulator devices, due to additional con-
tribution from TDDB like bulk insulator trap generation [14], which is discussed
later in this chapter and also in Chap. 4.

Figure 2.5b illustrates the impact of f, delay on extracted n for p-MOSFETSs
having different EOT and N content of PNO and RTNO based SiON gate stacks.
Note that n is extracted over a fixed range of tsr and reduces with reduction in z,
delay, although PNO devices having different EOT and low to moderate N content
show higher magnitude of n when compared to the RTNO device. It is important to
note that a smaller #, captures Ipy no that is relatively less degraded, and results in
larger BTI degradation and lower time exponent n. Similarly for a particular 7,
delay, Ippno is less degraded for PNO compared to RTNO device, refer to
Fig. 2.3b, and results in smaller degradation magnitude and higher n for the former
device. Therefore, it is important to use ultra-fast OTF measurements to properly
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Fig. 2.5 Power-law time exponent n of OTF measured AV, a plotted versus V5 str and extracted
for different stress time ranges for linear regression, and b versus time-zero delay, for PNO and
RTNO SiON p-MOSFETSs under NBTI stress
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measure BTI degradation in wide variety of gate insulator devices. More results of
OTF measured time exponent n for different devices and stress conditions are
presented and analyzed in other chapters of this book.

2.2.2 Recovery After DC Stress

As mentioned before, it is now well known that BTI degradation recovers sub-
stantially after the reduction of stress V. Figure 2.6a illustrates the gate bias
sequence for OTF measurement of BTI recovery at Vg = Vg.rec following BTI
stress at Vg = Vg.gtr for a time 5. The pulse generator applies Vg = Vg.ric to the
gate of the MOSFET and the DSO is triggered to measure pre-stress Ipy N, Which is
recorded as Ip; ;no- The pulse generator is then triggered to output Vg = Vg.gr for a
duration #gtR, during which the device degrades due to BTI, after which Vg drops
back to Vg.rec. The DSO is synchronously triggered again with the falling edge of
the gate pulse, and recovery of degraded Iy 1y is measured. Once again, the voltage
shift for BTI recovery can be calculated using AV = —AlpinIbLino *
(VG—REC - VT()), where AIDLIN is IDLIN - IDLINO and IDLINO is recorded at
Vi = Vg.ric before stress. Mobility correction is used to convert AV to AV using
the method of [12] as discussed in the following section.

Figure 2.6b plots time evolution of AV recovery measured using the OTF
technique after NBTI stress in PNO-SiON p-MOSFETs for different g values. It
is important to note that AVr starts to recover as soon as Vg is reduced from Vg_str
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mobility corrected AV v Stress Recovery
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to Vg.rec. This suggests the necessity of using ultra-fast setup for BTI character-
ization using MSM or OSDD methods, and is discussed later in this chapter.
More BTI recovery results measured using OTF method for different devices and
stress conditions are presented and analyzed in Chap. 6 of this book.

2.3 Mobility Degradation

As discussed in Chap. 1, Ip n degradation especially during NBTI stress is caused
by degradation in both Vy and p., the later results in transconductance (g,,) deg-
radation, refer to Chap. 1, Fig. 1.16. Therefore, the contribution of Aueg on Alpy N
needs to be determined for accurate determination of time evolution of AVt from
OTF technique.

The drain current of a MOSFET in above threshold and linear regime of oper-
ation, Ipy n, is given by the following equation [15]:

w V]
IpuN = ,UeffCOXf (VG - Vr— WZ?D) Vb (2.1)

In (2.1), ueg is effective mobility, Cox is gate capacitance, W and L are device
width and channel length respectively, Vg and Vp are gate and drain biases
respectively, and m is calculated using the subthreshold I, versus Vg characteris-
tics. For higher gate overdrive (Vg — Vr), the effective mobility can be expressed
using a simple first order relation as follows [10, 12]:

Ho

1+6(Vg — Vr) 22)

Hegr =

In (2.2), y is low field mobility and 8 is high field reduction factor. The vari-
ation in Ipy ;v due to BTI can be obtained by differentiating (2.1) as follows [12]:

Alpun| _ Aperr Vo — V1 — mP g —|AVr] — % |Am|

Z Z
Merro Vo — Vro —mo2  Hefro Vo — Vo — mo 2

(2.3)

IpLivo

Note that besides AVr, Alppn is also impacted by Aper (Stter — Mesr0) and
therefore by Aug (=0 — to,0) and A6 (=0 — &), as well as by Am (=m — my), where
Hefr.0. Oo and myg are corresponding pre-stress values. The simplified expression used
in Sect. 22, AV = _AIDLIN/IDLINO * (VG-STR - VT()), is derived from (23) by
ignoring Auter and Am, and therefore, AV needs to be corrected, especially for NBTI
stress, to obtain proper, “mobility corrected” AVt [12].

The mobility and m factor degradation can be assessed by measuring Ippn
versus Vg sweeps before and during logarithmically spaced intervals of NBTI
stress. Pre- and post-stress Ippy versus Vg data in above threshold at high gate
overdrive can be used to obtain u.g versus (Vg — Vr) data, where the mobility
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expression of (2.2) remains valid, and can be fitted to obtain x, and 6, and hence,
time evolution of Aug and A6 can be determined. Time evolution of Am can be
obtained from subthreshold slope degradation and that of AV from Vr extracted
using conventional “peak g,,”” method.

Figure 2.7 shows normalized Au,, AG and Am as a function of AVy for NBTI
stress in SION p-MOSFETs. The magnitude of uo and 6 reduce and that of
m increases after NBTI stress. Moreover, Auy, Af and Am are linearly correlated to
AV, and this correlation can be used to construct a “mobility correction” algorithm
as discussed later. Note that for a particular AV, much larger variation is usually
observed for Aug and A8 than that for Am, and therefore, correction due to Am has
negligible impact and can be ignored as discussed in [12].

It is important to remark that the correlation of Auegr to AVt depends on 6, the
pre-stress slope of u.g versus (Vg — V) data, refer to (2.2). Note that when com-
pared at fixed (Vg — Vr), obtained u.g always reduces after NBTI stress, and
therefore, Aur < 0. However, actual NBTI measurements are done at fixed Vg, and
for devices having high 6,, reduction in x4, can be overcompensated by reduction in
6y and (Vg — V) after NBTI stress, which can result in Aueg > 0, refer to (2.2) [12].

As an example, Fig. 2.8 shows normalized Au.g as a function of AVr for two
different SiON p-MOSFETsS having (a) low and (b) high pre-stress 6. Note that zt.g
is extracted using (2.1) from pre- and post-stress Ipy ;v versus Vg characteristics at
fixed sense bias of Vg = Vg.gns, While Vi is extracted by using the peak g, method.
The magnitude of |Azeq] increases with increase in AV due to NBTI stress for both
devices. However, the device with low 6, shows Aues < 0 as expected, while the
device with high 6, shows Au.g > 0 due to overcompensation effect discussed
above. It is also important to note that for a particular AVr, |Aueq| reduces with
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Fig. 2.8 Correlation of normalized mobility degradation measured using different sense Vg to
AVr for NBTI stress in PNO SiON p-MOSFET having a low @, and b high 6,. Correlation of
corresponding mobility uncorrected voltage shift using simple Ipy v expression to AVt for ¢ low
6o and d high 6, devices. AVr is obtained using peak g,, method

increase in |Vg.sns| for low 6, device, while for high 6, device, |Aueq] increases with
increase in |Vg.sns| as shown in Fig. 2.8a, b.

Note that the magnitude and sign of Au.g versus AVr correlation would impact
Alpy v versus AVr correlation as per (2.3), since Alpy v is also obtained from Iy iy
measurement before and after stress at a fixed V. As an illustration, Fig. 2.8 plots
the correlation of AV = —Alp; inIpimo ¥ (Vg-sns — Vo) versus AVr at different
sense bias Vg_gns for SiON p-MOSFETSs with (c) low and (d) high pre-stress 6; the
Auegr versus AV correlation of these devices are shown, respectively in Fig. 2.8a, b.
Pre- and post-stress V and hence AVr are obtained using the peak g,, method, and
1:1 correlation is shown by a solid line. As expected, AV is not equal to AV due to
mobility degradation effects. For a particular AVr, the device with lower 6, shows
higher AV than 1:1 correlation line, see Fig. 2.8c, and the error in AV increases with
reduction in |Vg.sns|- On the other hand, the device with higher 6, has lower
AV than 1:1 correlation line, see Fig. 2.8d, while the error in AV increases with
increase in |Vg.sns|- Therefore, if mobility correction is not taken into consider-
ation, OTF measurements can result in higher or lower than actual NBTI degra-
dation, and the error will be dependent on Vg_gns, Which is Vg gtr for OTF method.
Therefore, not only the NBTI magnitude but also the Vg_gtr 0or Egx dependence of

measured degradation will get corrupted, which will result in incorrect extrapolated
degradation at use condition.
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Fig. 2.9 a Algorithm for mobility correction of OTF data. b Correlation of mobility corrected
calculated AVt from measured Ipp v at different sense Vg to measured AV using peak g,, method
for NBTI stress in PNO SiON p-MOSFET

Ip v versus Vg measurements before and during NBTI stress interruptions can
be used to calculate pre-stress o0, &o and myg values, as well as stress induced Az,
A@ and Am versus AVy correlation as shown in Fig. 2.7. Moreover, (2.2) can be
used to calculate Ay versus AVt correlation as shown in Fig. 2.8a, b, and finally,
(2.3) can be used to calculate “mobility corrected” AVt [12]. Figure 2.9a illustrates
this correction algorithm, and Fig. 2.9b plots “mobility corrected” AVr from one
spot Al v measurements at different Vg gns as a function of AV obtained using
the conventional peak g,, method. Note that once mobility degradation is taken into
account using (2.3), 1:1 correlation is observed between “peak g,,” AVt and AVt
obtained from Alpn measured at different V. gns. All UF-OTF NBTI data pre-
sented elsewhere in this book are corrected for mobility degradation using the
method proposed in this section.

2.4 Ultra-Fast Measure-Stress-Measure (UF-MSM)
Method

Ultra-Fast MSM (UF-MSM) method, illustrated in Fig. 2.10, relies on performing
complete Ippy versus Vg sweeps in few microseconds before and during loga-
rithmically spaced interruptions of BTI stress [6, 7]. Vr is extracted before and after
stress from measured Ip—V data by using the conventional “peak g,,” method [15],
and hence time evolution of AVt can be obtained. Note that similar to conventional
MSM method, the UF-MSM method also suffers from potential recovery issues
since Vg is lowered from stress for measurement, although the recovery would be
substantially lower, if not almost negligible, as stress interruption time is drastically
minimized. Note that a tradeoff exists between measurement speed and accuracy,
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Fig. 2.10 Schematic of UF-MSM method for DC NBTI measurements. Arrows represent

directions of Vg sweep for I-V measurement. Measurement delay is sum of hold time and sweep
time. Default hold time is 50 ns and sweep time is 10 ps unless mentioned otherwise

and commercial setups are now available to reliably perform both DC and AC BTI
experiments in MSM mode with ~ 10 ps delay [16]. The UF-MSM method has
been extensively used to characterize DC and AC degradation during NBTI and
PBTI stress in p- and n-channel High-K Metal Gate (HKMG) MOSFETs, respec-
tively [16—19]; results are shown in Chap. 1 and further analyzed in later chapters of
this book. This section describes the implementation details of the UF-MSM
method. Although early implementation of UF-MSM method was made using
custom setups [6], all results presented in this book are measured using commer-
cially available instrument [16]. Although UF-MSM method has been used to
characterize NBTI stress in both SiON and HKMG devices and PBTI stress in
HKMG devices, results presented in this section are obtained from NBTI stress in
p-channel HKMG MOSFETs.

2.4.1 Measurements During DC Stress

As shown in Fig. 2.10, Vg sweeps for Ipy vy measurements can be made either from
high to low (H to L) or from low to high (L to H) values,! however, note that it is
important to keep identical sweep direction for pre- and post-stress measurements.
Figure 2.11 plots pre- and post-stress (a) Ipr v and (b) g,, versus Vs data obtained
using H to L and L to H sweeps. Note that due to recovery issues, the H to L and L
to H sweep measurements are done on identical but separate devices, stressed at
identical Vg and T. Identical pre-stress measured values for different sweep direc-
tions (small discrepancy is due to device to device variation) verify that the mea-
surement is free from hysteresis issues, which can be either due to inaccurate setup
or due to bad gate insulator quality of the device under test. The degradation, i.e.,
the difference between pre- and post-stress data is different for different sweep
directions and is discussed below.

'For NBTI stress, low and high values correspond to the magnitude of gate pulse.
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Fig. 2.11 UF-MSM measured a Ip v versus Vg and b g, versus Vg characteristics before and
after NBTI stress in HKMG p-MOSFET. Data shown for different sweep directions for /-
V measurements. ¢ Time evolution of UF-MSM measured AV for different sweep directions and
ranges of sweep bias

As mentioned before, Vrt is extracted using the conventional “peak g,,” method,
where a tangent in drawn on the Ippn versus Vg curve at the Vg value corre-
sponding to the peak g,, point. I-V characteristics are measured before and during
logarithmically spaced interruptions in BTI stress, and AVy time evolution is
obtained. Figure 2.11c plots time evolution of AV obtained at identical NBTTI stress
conditions but using different sweep directions. Note that AVt shows power-law
time dependence with exponent n at longer tstr. However, the magnitude of AVy
and its exponent n show different values for H to L and L to H sweeps for identical
hold and sweep time. Higher AVr and lower n are observed for H to L when
compared to L to H sweep as shown; n being obtained using linear regression of
measured data in tgTg range to 10 s to 1 Ks.

Although H to L and L to H sweeps are taken using identical voltage range (0 to
—1.2 V) and sweep time, the hold before sweep is at higher |Vg| for H to L and at
0V for L to H sweep, see Fig. 2.10. Since recovery accelerates at lower |Vg|, refer
to Chap. 1, Fig. 1.22, hold at 0 V for L to H sweep has larger recovery as compared
to hold at higher |V| for H to L sweep, and therefore, the former results in lower
AVy magnitude and higher exponent n as shown. Note that for L to H sweep, it is
sufficient to record Ipp v from Vg values just below the peak g, point for extraction
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of Vr using the tangent method, and it is not necessary to record Ip; v all the way
from V5 = 0 V. Figure 2.11c also plots the time evolution of AVt for L to H sweep
from —0.6 to —1.2 V, which, for identical Vg.gtg and 7, shows larger AVt and
lower n compared to L to H sweep from O to —1.2 V, due to relatively higher hold
Vi and correspondingly lower recovery. Note that the H to L sweep can also be
done from —1.2 V up to —0.6 V instead of going all the way down to O V to reduce
measurement time, f. It should be remarked that the non-zero lower limit of V for
L to H and/or H to L sweep should be suitably chosen such that it crosses the Vg
value corresponding to the peak g,, point, through which a tangent needs to be
drawn to estimate V7.

Figure 2.12 shows the impact of hold time on time evolution of AV for (a) H to
L sweep from —1.2 to —0.6 V, as well as L to H sweep from (b) —0.6 to —1.2 V and
(c) 0 to —1.2 V. The power-law time exponents extracted using linear regression of
measured data in fgrg range to 10 s to 1 Ks are shown as a function of hold delay in
Fig. 2.12d for different sweep directions. All measurements are done on identical
but separate devices, stressed at identical V_str and 7. Note that H to L sweep
shows largest AVr, smallest n and negligible impact of hold time, while for L to H
sweep, AVt reduces and n increases with increase in hold time, larger AVt and
smaller n are obtained for hold at —0.6 V compared to 0 V. This is due to negligible
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n versus hold time for different sweep conditions
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AVt recovery at —1.2 V, and much larger recovery at 0 V compared to —0.6 V.
Therefore, a non-zero lower limit of Vg sweep reduces the impact of recovery
especially for L to H sweep, and the overall measurement time can also be reduced
due to reduction in range of sweep Vg.

Besides hold time, the sweep time also impacts time evolution of measured AVr.
Higher recovery at lower |Vg| influences both H to L and L to H sweep based I-
V measurements, even for sweeps with relatively higher, non-zero lower limit of
V. Figure 2.13 plots AVt time evolution for (a) H to L sweep from —1.2 to —0.6 V,
as well as L to H sweep from (b) —0.6 to —1.2 V and (c) 0 to —1.2 V. The
power-law time exponents obtained using linear regression of measured data in fgTr
range to 10 s to 1k s are shown as a function of sweep delay in Fig. 2.13d for
different sweep directions. Higher sweep time results in lower AVt and higher n for
both H to L as well as L to H sweep. However contrary to hold time, the sweep time
has relatively larger impact on H to L compared to L to H sweep. This is due to
larger recovery at larger sweep delay for H to L compared to L to H sweep, as the
later part of the sweep goes towards lower |Vg| for H to L and towards higher |Vg|
for L to H sweep. Therefore, the sweep direction, hold time and sweep time affect
AVy time evolution and need to be carefully chosen for UF-MSM measurements.
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Fig. 2.13 a—c Impact of sweep time and sweep direction on UF-MSM measured AVr time

evolution for NBTI stress in HKMG p-MOSFETs. d Measured power-law time exponent n versus
sweep time for different sweep conditions
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2.4.2 Measurements During AC Stress

Figure 2.14 shows the gate voltage sequence for AC stress and measurement. AC
pulse having a particular frequency (f) and duty cycle (PDC) is applied to the gate
for stress, pulse Vg.pigu and pulse Vg ow being the stress high and low values,
respectively. The device gets stressed during pulse high phase, and recovers during
pulse low phase. The pulse low is usually kept at 0 V, although non-zero Vg1 ow
can also be used to study the impact of Vg on recovery for AC stress. I-V sweeps
are measured before and during logarithmically spaced interruptions in BTI stress to
extract time evolution of AVy. Measure Vg gy and measure Vg1 ow denote the
range of Vg sweep for I-V measurements. Note that AC stress can be interrupted for
I-V measurements after the completion of last half cycle or last full cycle, defined
respectively as Mode-A and Mode-B AC stress. It is important to note that AC BTI
results shown in Chap. 1 are from Mode-B stress. Similar to DC stress, the I-
V curves can be measured using H to L or L to H directions of Vg sweep for AC
stress, although H to L direction is used in this book unless mentioned otherwise. It
is important to use identical sweep parameters, such as sweep direction, hold time
and sweep time for accurate estimation of the ratio of AC to DC degradation.

Figure 2.15a plots time evolution of AVt for Mode-A and Mode-B AC stress at
identical PDC, f, Vg.mica (=Va.str) and Vg.row (=Vg.rec) and measured using H
to L gate sweep from —1.2 and —0.6 V. Time evolution of AVy for AC stress also
shows power-law dependence at longer fstr. However, Mode-A stress shows
higher AVr magnitude and lower time exponent n when compared to Mode-B
stress, which is due to higher recovery for the later as measurements are done after
the pulse low phase. The difference between Mode-A and Mode-B AC stress is
analyzed in detail later in this book.

Figure 2.15 also shows the impact of (b) PDC and (c) f of the AC gate pulse on
measured AVy at fixed tgpr for Mode-A and Mode-B stress at fixed Vg.gigg but

.
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Fig. 2.14 Schematic of UF-MSM method for AC NBTI measurements. Mode-A and Mode-B
represents start of /-V sweep after last half and full cycle, respectively. Identical sweep directions
should be used for both modes, which should also be identical to that used for DC stress
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Fig. 2.15 AC NBTI measurements in HKMG p-MOSFETs using UF-MSM method: a Time
evolution of AV for Mode-A and Mode-B stress. Fixed time AVt for Mode-A and Mode-B stress
using AC pulse having different pulse low bias, as a function of b duty cycle and ¢ frequency.
d Power-law time exponent n versus frequency for Mode-A and Mode-B AC stress. DC data are
shown as reference

different Vg iow, the corresponding DC stress value is shown as reference.
Measurements are done using H to L V5 sweep from —1.2 to —0.6 V. Note that AVt
for DC and AC stress are obtained at fixed tstr, Which, for AC stress includes both
pulse on and off time, and the net stress or pulse on time for AC stress would
depend on PDC of the gate pulse. Higher AVr is obtained at higher |Vg_1 ow| for all
PDC and f, which is consistent with lower recovery at higher |Vg|. AVt increases
with increase in PDC due to increase in net pulse high or stress time. The PDC
dependence shows a typical “S” shaped characteristics, and a kink or jump is
observed between high PDC AC and DC stress. Lower kink in AV is observed for
higher |Vgprow| and vice versa, which will be explained later in this book.
Measured AVt for Mode-B stress is independent of ffor different V51 ow, although
larger AC to DC ratio is observed for higher |V ow| and vice versa. On the other
hand, AVt for Mode-A stress is higher when compared to Mode-B AV especially
at lower f, however, the former reduces with increase in f and merges with the later
at higher f and also shows f independence.

The impact of AC pulse f on measured power-law time exponent n for Mode-A
and Mode-B stress is shown in Fig. 2.15d. As mentioned before, n is extracted by
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using linear regression of measured data in fgrr range of 10 s to 1k s. Note that
Mode-B stress shows universal n ~ 1/6 value and findependence of n. On the other
hand, Mode-A stress results in lower n compared to Mode-B especially at lower f,
however, n for the former increases with increase in f and merges with the later at
higher f and shows f independence. It is important to note the f independence of
AVt and n for Mode-B stress. Moreover, the observed f dependence of AVt and
n for Mode-A stress especially at lower f is also of interest; AVt reduces but
n increases with increase in f. These aspects will be explained in Chap. 6.

The impact of hold and sweep delay on AC stress is also of interest. Figure 2.16
shows AV time evolution measured using L to H Vg sweep from —0.6 to —1.2 V
for (a, ¢) Mode-A and (b, d) Mode-B AC stress, for different (a, b) hold time and (c,
d) sweep time. Similar to DC, Mode-A AC stress is also affected by both hold and
sweep time; lower AVy magnitude and higher power-law time exponent n are
observed for higher measurement delay. However, the sweep and hold delay have
negligible impact on Mode-B AC stress as shown. This can be explained by noting
that -V sweeps for Mode-B stress are done after the pulse off phase where recovery
takes place, and therefore, additional delay has negligible impact on measured AVt
time evolution. However, this is not the case for Mode-A stress as I-V sweeps are
done after pulse high phase, and hence, delay influences measured time evolution of
AVt as shown. Therefore, it is necessary to use UF-MSM for accurate estimation of
DC to AC ratio for Mode-A and Mode-B AC stress.
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Fig. 2.16 Impact of (a, b) hold time and (c, d) sweep time for UF-MSM measured AV time
evolution during AC (a, ¢) Mode-A and (b, d) Mode-B NBTI stress in HKMG p-MOSFETs
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2.5 One Spot Drop Down (OSDD) Method

In OSDD technique, illustrated in Fig. 2.17, BTI stress is interrupted and Vg is
reduced from Vg_gTr to a suitable sense bias (Vg_gns) to measure Iy in time fy.
Similar to MSM, the OSDD technique would also suffer from recovery issues,
however, it takes much shorter time to measure a single spot I than full Ip—Vg
sweep and hence recovery can be minimized. Although specialized commercial
setups are now available to reliably perform full Ip—Vg sweeps in few microsec-
onds, OSDD has been particularly useful in the past when such specialized
instruments were not available. As shown in Fig. 2.17, once post-stress Ipp v 1S
measured at Vg_gns, it can be compared to pre-stress Ip—Vg sweep to determine BTI
degradation. In the vertical shift method, AV = —Alp; n/IpLino ¥ (VG.sns — Vo) can
be estimated by noting the difference in Ip;py between pre- and post-stress at
Vis-sns, and in the absence of mobility variation, AV equals AVr. Note that the
absence of mobility degradation implies parallel Ip—Vg curves before and after
stress. In the lateral shift method, the voltage corresponding to post-stress Ipy v 1S
noted from the pre-stress Ip—Vs curve, which is denoted as Vg_pst as shown in
Fig. 2.17, and the difference between Vg pst and Vg sns is used to calculate AV,
which becomes equal to AV in the absence of mobility degradation.

In the technique proposed in [20], Iy n is measured at Vg.sns = Vo, Where Vg
is pre-stress threshold voltage of the device and lateral shift method is used. Note
that the lateral shift method assumes parallel Ip—Vg curves before and after stress
and hence no mobility degradation, which is a fair assumption for PBTI stress as
discussed in Chap. 1, and also at lower Vg_gns close to Vg for NBTI stress, which
will be shown later in this section. However, as recovery magnitude increases with
increase in the difference between Vg_gtr and Vg.sns [16, 21], alow Vg gns readout
would suffer from recovery artifacts, shown in [22] and discussed later in this
section, unless Ipppn is recorded in few microseconds. There exists a tradeoff
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\Y | :g tM + > M
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Fig. 2.17 a Schematic of OSDD method. b Measured Ip v versus Vg sweep before stress and
one spot Ip v measurement after stress. The lateral and vertical shift methods for AVt extraction
are illustrated
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between Vg_sns and drop down delay to minimize the impact of recovery, refer to
Chap. 1, Fig. 1.29 for details. Alternatively, especially for relatively slower mea-
surements, the recovery can be reduced by dropping down to Vg.sns = Vpp for
Ipp v measurement, where Vpp is the operating voltage of the device [23, 24]. AV
can be calculated either using the lateral shift or vertical shift methods. However,
measured Alpn at high Vg_gns is affected by both AV and Aueg, especially for
NBTIT stress, and the impact of Au.g needs to be corrected as described later in this
section. Although OSDD method has been used to characterize NBTI in SiON and
HKMG p-MOSFETs and PBTI in HKMG n-MOSFETs [20, 24], in this chapter,
results are only shown for NBTI in HKMG p-MOSFETs.

Figure 2.18 plots the time evolution of measured AV;g during NBTI stress in
HKMG p-MOSFETs by using the lateral shift method, for (a) fixed #; and different
Vi.sns and (b) fixed Vg.sns and different #y;. The same Ip; v data can be used to
calculated AV using the vertical shift method using the equation shown above, and
obtained time evolution is shown in Fig. 2.18 for (c) fixed #y and different Vg_gns
and (d) fixed Vg.gns and different #y. The impact of Vg.gns On power-law time
exponent n, extracted by linear regression of measured data in fgtg range of 10 s to
1 Ks, is plotted in Fig. 2.18 for (e) lateral and (f) vertical shift methods, for different
measurement delay #;. Finally, the time evolution of AVy obtained using 10 ps
UF-MSM method is shown in Fig. 2.18a, ¢, and power-law time exponent
n extracted from MSM data for different measurement delay is shown in Fig. 2.18e,
f as reference.

Note that when compared to the UF-MSM method for a particular #y;, the
magnitude of AVy g from the lateral shift and AV from the vertical shift OSDD
method increases with increase in Vg_gns as shown respectively in Fig. 2.18a, c,
and the corresponding time exponent n reduces as shown in Fig. 2.18e, f. Since
recovery is negligible due to the use of small #y;, this is an artifact of mobility
degradation at higher Vg.gns and is discussed below. However, for a particular
Vis-sns, the magnitude of AVyg and AV reduces and corresponding time exponent
n increases with increase in #y;, as shown in Fig. 2.18b—f, which can be attributed to
recovery artifacts as discussed in the previous section.

To illustrate the impact of mobility degradation, Fig. 2.19a shows Iy |y versus Vg
characteristics measured using UF-MSM method in HKMG p-MOSFETs before and
after NBTI stress. Pre- and post-stress Vr is determined using the peak g,, method,
and the post-stress I-V curve is shifted by AV to align with the pre-stress curve. Note
that although the shifted post-stress curve aligns with the pre-stress curve at lower Vg,
the curves do not match at higher Vg, and the post-stress curve is below the pre-stress
curve due to additional mobility degradation. The mobility impact for vertical shift
method is assessed by AV* = —Alp inIpLino * (Va.sns — Vo), where Alpp iy is
difference between pre-stress and AV shifted post-stress curve. In a similar manner,
the mobility impact for lateral shift method is assessed by noting AV g*, the lateral
difference between pre-stress and AVr shifted post-stress curves as shown in
Fig. 2.19a. Similar analysis can be done at different Vg_gns and for post-stress I—
V measured at different tg7g.
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Fig. 2.18 OSDD measurements: Time evolution of (a, b) AVyg using lateral shift and (c,
d) AV using vertical shift methods, for different (a, ¢) sense bias and (b, d) measurement delay, for
NBTI stress in HKMG p-MOSFETs. Impact of sense Vg on power-law time exponent n for
e lateral shift and f vertical shift method for different measurement delay. UF-MSM data obtained
using peak g,, method are shown as reference in (a, ¢). Lines in (e, f) represent UF-MSM measured
time exponent n for different delay

The resulting time evolution of AV;g* and AV* at different Vg_gns is shown
respectively in Fig. 2.19b, c. It is evident that post-stress Ipp v is affected by both
AVr and Auegr especially at higher Vg_sns. The contribution due to Ateg, manifested
as AV s* or AV* for lateral or vertical shift methods respectively, increases with
increase in Vg_gns. Therefore, AV g and AV, extracted from lateral or vertical shift
in Ip—Vg curve after stress, increases at higher V5_sns due to additional contribution
respectively from AVig* and AV*. Although time evolution of AVig* and AV*
shows power-law time dependence, they have lower time exponent n compared to
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Fig. 2.19 Isolation of mobility impact: a Measured I v versus Vg curves before and after stress,
and shift of post-stress I~V curve by AVy. Calculated degradation using b lateral and ¢ vertical shift
methods, between pre-stress and AV shifted post-stress data for different sense V. d Power-law
time exponent of mobility degradation induced degradation obtained at different sense Vg from
(b) and (c). Data from NBTI stress in HKMG p-MOSFETs

that for AVr, which is evident from Fig. 2.19b, c. The impact of V5_gng On time
exponent n, extracted using linear regression of time evolution of AV} ¢* and AV*
data in fgtg range of 10 s to 1 Ks is shown in Fig. 2.19d. Due to lower n for AV} g*
and AV*, increased AV} g and AV magnitude is always associated with reduced time
exponent n when OSDD measurements are done at higher Vg.gns, as shown in
Fig. 2.18e, f.

Figure 2.20a, b plot the time evolution of AV g — AV g* and AV — AV* obtained
at different V_gns respectively from lateral and vertical shift methods for different
measurement delay. It is important to remark that once the voltage shift AVy ¢* and
AV* corresponding to mobility degradation is subtracted, time evolution of
AVis — AVis* and AV — AV* would correspond to that of AVy. Figure 2.20c, d
shows the impact of Vg gng on corresponding time exponent n, obtained using
linear regression of the mobility corrected measured data in #gtg range of 10 s to 1
Ks, for lateral and vertical shift methods for different measurement delay. UF-MSM
measured AVy time evolution for different measurement delay and corresponding
time exponents are also shown as reference. It is important to note that once the
impact of mobility is corrected, the lateral and vertical shift methods provide
identical AVt and n values at different Vg_gng, Which matches well with UF-MSM
measured data, and this holds for different measurement delay as shown.
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2.6 Flicker Noise

Figure 2.21 shows the schematic of a flicker noise setup. Gate of the MOSFET is
connected to a power supply via a low pass filter; drain is connected to a digital
spectrum analyzer via a low noise amplifier. Power spectral density of drain current
noise (Syp) is measured in frequency (f) domain for different values of gate over-
drive (Vg — V1), and input referred noise (Syg) is obtained from the relation
Svg = SID/gmz, where V1o and g,, are threshold voltage and transconductance
respectively of the device under test [25].

Several mechanisms have been proposed in the past to explain flicker noise in
MOSFETs. Some reports suggest noise is due to fluctuation in inversion layer
carrier density [26-28], while others relate noise to bulk mobility fluctuation [29,
30]. The number fluctuation model [26-28] is based on McWhorter’s theory of
random trapping and detrapping of inversion layer carriers in the gate insulator traps
[31], which in turn causes surface potential fluctuation and hence variation in
inversion layer carrier density. The model suggests Syg to be independent of gate
overdrive, and strong correlation of Syg to density of gate insulator traps [32, 33].
The mobility fluctuation model on the other hand is based on Hooge’s empirical
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Fig. 2.21 Schematic of flicker noise measurement setup

formulation derived for bulk semiconductors [34], and in MOSFETS it is associated
to fluctuations in bulk mobility as a result of fluctuation in phonon population due
to phonon scattering [35]. In contrast to the number fluctuation theory, the mobility
fluctuation model suggests Syg to be linearly dependent on (Vg — Vo).

Flicker noise method has been used in the past to directly estimate gate insulator
defects in Silicon Dioxide (SiO,) MOSFETs [32, 33]. More recently, the method
has been used to determine pre-existing trap density in MOSFETs having differ-
ently processed SiON and HKMG gate insulators [25, 36-38]. Although flicker
noise can also be utilized to determine trap generation after BTI stress [25], accurate
flicker noise measurement is a time consuming process and hence the method
would suffer from recovery issues and cannot estimate correct magnitude of gen-
erated defects.

Figure 2.22 plots Sy as a function of (a) frequency at fixed (Vg — Vo) and
(b) gate overdrive at fixed f, measured in SION p-MOSFETs before and after NBTI
stress [25]. Note that Syg increases after stress due to generation of new gate
insulator traps as discussed in detail later in this chapter, which is consistent with
previous reports [32, 33] and number fluctuation theory [26-28].

As discussed in [39] and shown in Fig. 2.23, noise contribution due to trapping
and detrapping of inversion carrier for a single gate insulator trap has Lorentzian
f dependence of the form 1/[1 + (f/fy)*], where f; is the corner frequency of the trap;
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Fig. 2.22 Measured input referred noise versus a frequency and b gate voltage overdrive, before
and after NBTI stress in SiON p-MOSFETs. Multiple measurements are shown in pre- and
post-stress, obtained from different devices
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a weighted summation of contribution from uniform spatial distribution of gate
insulator traps with different f; results in 1/f dependence. As evident from Fig. 2.22,
measured frequency dependence of Syg shows ™ dependence, with k ~ 0.7 before
stress, which increases to k ~ 1 after stress. A plausible explanation has been
provided in [25], which relates noise in SION devices to Nitrogen (N) related gate
insulator traps. Since PNO devices have been used having N concentration that
peaks at the SiON/poly-Si interface and exponentially reduces towards the Si/SION
interface, a suitably weighted sum of Lorentzian response from such non-uniform
trap distribution results in k < 1 for f dependence of Syg before stress. As discussed
later in this chapter and in Chap. 3, NBTI stress results in generation of traps at and
near the Si/SiON interface and hence the overall spatial distribution of gate insu-
lator traps become relatively more uniform. As a consequence, the f dependence of
Svg after stress increases and shows & ~ 1.

Although the dependence of Sy on gate insulator traps agrees with the number
fluctuation theory, the variation of Syg with gate overdrive shown in Fig. 2.22b
cannot be explained in this framework. It is now well known that charges in gate
insulator traps not only impacts the inversion carrier density but also influences
their mobility by Coulomb scattering. The number fluctuation model has been
enhanced to incorporate the effect of surface mobility fluctuation caused by gate
insulator charges [40]. The combined number and mobility fluctuation model
predicts the following relation for Syg [40]:

kT ¢*

— L (1 4 ouNe )*Nr(Eex) (2.4)

Svg

In (2.4), g is electronic charge, kT is thermal energy, fis frequency, Cox, W and
L are gate oxide capacitance, device width and length respectively; u is inversion
layer mobility, Nc = Cox/q * (Vg — Vro) is inversion carrier density; vy is the
attenuation factor of electron or hole wave function into the gate insulator and can
be calculated using WKB tunneling framework; a is scattering coefficient and Nt is
the gate insulator trap density near the Fermi level (Egy). Although missing from


http://dx.doi.org/10.1007/978-81-322-2508-9_3

68 S. Mahapatra et al.

the conventional number fluctuation model, the combined number-mobility fluc-
tuation model has linear dependence on gate overdrive via the term Nc and
therefore is consistent with measured data.

As discussed later in this book, gate insulator processes impact the density of
pre-existing traps and hence the trapping component of BTI degradation. Of par-
ticular interest is the impact of Nitrogen, which is discussed in detail in different
chapters of this book. Figure 2.24 plots as processed, pre-existing trap density in
(a) SiON p-MOSFETs as well as (b) HKMG p-MOSFETs and n-MOSFETSs
extracted using the flicker noise method [25, 38]. As discussed in Chap. 1, Table 1.1,
PNO SiON devices with different N dose have been used. On the other hand, the
HKMG devices were fabricated without (D2) and with (D3) nitridation after ALD
High-K deposition and with nitrided IL (D4), refer to Chap. 3, Fig. 3.2 for details.
Note that flicker noise in n- and p-channel MOSFETs is respectively due to trapping
and detrapping of inversion layer electrons and holes in gate insulator traps.
Therefore, it can be remarked that presence of N in gate insulator increases
pre-existing hole trap density in SION and HKMG p-MOSFETs and electron trap
density in HKMG n-MOSFETs, and hence impacts both NBTI and PBTI degra-
dation as discussed in detail in Chaps. 3 and 4.

In spite of strong experimental evidence in the literature of trap generation during
BTlI stress in p- and n-channel MOSFETSs, shown later in this chapter and also in Chap. 3
, some reports have suggested NBTI and PBTI to be exclusively due to hole and electron
trapping respectively, in pre-existing gate insulator traps [41-43]. Such a framework has
to associate strong T activation to the charge trapping process to explain T activation of
BTI, which can be independently assessed using flicker noise technique. Figure 2.25
plots T dependence of Sy measured at fixed fand (Vg — Vpg) in SION p-MOSFETs
[44]. Note that contrary to the above proposition, Sy has negligible 7' dependence and
therefore would suggest negligible T activation of the hole trapping and detrapping
process in thin gate insulator stacks used in modern MOSFETSs. Itis important to remark
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Fig. 2.24 Pre-stress trap density measured using flicker noise method in a SiON p-MOSFETs
having different N% and b HKMG p- and n-MOSFETs having different gate insulator processes
(D2 non-nitrided, D3 post High-K nitridation, D4 nitrided IL, refer to Chap. 3, Fig. 3.2) leading to
different N%
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that weak T activation of the trapping—detrapping process is significant observation, and
when combined with relatively stronger T activation of the trap generation process,
shown in Chap. 3, it can explain T activation of BTI for different gate insulator processes
as discussed in detail in Chap. 4.

Note that the T activation of NBTI measured in SION and HKMG p-MOSFETs
and of PBTI in HKMG n-MOSFETs reduces for devices having N in the gate
insulator stack, as discussed in detail in Chaps. 1 and 4. This can be explained by
invoking (a) both trap generation and charge trapping processes for BTI that are
mutually uncorrelated, (b) relatively lower T activation for the charge trapping
process, shown in Fig. 2.25, when compared to the trap generation process, shown
in Chap. 3, and (c) higher relative contribution of charge trapping in pre-existing
gate insulator traps for devices having N in gate insulator, as shown in Fig. 2.24;
refer to Chap. 4 for further details. Other manifestations of uncorrelated trap gen-
eration and trapping BTI sub-components are discussed in Chaps. 3 and 4 for
different gate insulator processes, and flicker noise method has been used for
independent verification of pre-existing gate insulator traps.

2.7 Charge Pumping (CP)

CP technique [45] estimates trap density at and near the Silicon (Si) channel and
gate insulator interface of a MOSFET by measuring trap assisted electron-hole
recombination current. In CP method, illustrated in Fig. 2.26, a large signal gate
pulse is applied to drive the MOSFET repetitively between inversion and accu-
mulation, the drain and source terminals are shorted and grounded, and DC current
due to recombination of electrons and holes in gate insulator traps is measured at
the substrate. Although the method can measure pre-stress gate insulator traps,
increase in CP current (Alcp) after BTI stress can be used as a direct estimation of
generation of new gate insulator traps.
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Fig. 2.26 Schematic of
charge pumping measurement

setup |

However, CP is a slow measurement technique and is usually implemented in
measure-stress-measure or MSM configuration to estimate trap generation due to
BTI stress, and hence suffer from recovery issues. Moreover, CP scans trap gen-
eration in an energy range of the Si band gap that is much smaller compared to that
scanned by Ip; ;v and Vp measurement methods. Therefore, measurement delay and
band gap correction methods have been proposed [9] for accurate estimation of trap
generation contribution to overall BTI degradation and are discussed later in this
section. CP technique has been extensively used to characterize trap generation
during BTI stress [9, 14, 22, 36, 46-48].

The basic CP method has been modified to estimate the energetic and spatial
distribution of traps in the gate insulator [49, 50]. However, such spectroscopic CP
techniques are extremely time consuming, and although they can be used to esti-
mate as processed, pre-existing traps, these methods suffer from recovery related
issues and hence are not effective to determine the distribution of generated traps.
Furthermore, some reports have proposed ultra-fast CP techniques to characterize
on-the-fly trap generation without any measurement delay [51, 52]. These methods
rely on applying a gate pulse having inversion level equal to the BTI stress bias,
Vis-str- The application of such a large gate bias makes these methods prone to gate
leakage [53] and unsuitable for thinner gate insulator MOSFETSs. More importantly,
since CP method involves pulsing the channel from inversion to accumulation, the
application of such large bi-polar pulses alters the conventional BTI stress regime,
and makes the MOSFET vulnerable to significant bulk trap generation in addition
to generation of traps at or near the Si/SiO, interface. Owing to the application of
large gate pulse, these methods scan traps deep into the gate insulator bulk [49, 50],
and therefore, the contribution due to additionally generated bulk traps must be
corrected for proper estimation of BTI generated defects. Therefore, although
recovery issue can be avoided, the accuracy of these ultra-fast CP methods gets
impacted by gate leakage and bulk trap issues, and the methods are of not much use
to characterize BTI trap generation.

Figure 2.27 illustrates the dynamics of electron and hole capture-emission
processes in gate insulator traps of an n-channel MOSFET under repetitive gate
pulses [45]. The channel goes into inversion when Vg goes above Vr, and traps that
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remain below the Fermi level capture inversion layer electrons from the Si con-
duction band. The channel transitions from inversion via depletion towards accu-
mulation during the falling edge of the gate pulse, traps start to move above the
Fermi level and some traps emit electrons back to the conduction band. Once the
channel goes into accumulation as V5 goes below the flatband voltage (Vgg), traps
above Fermi level capture holes from the valence band of Si. As the channel is
pulsed back via depletion to inversion during the rising edge of the gate pulse, traps
start to go below the Fermi level and some traps emit holes back to the valence
band. Finally, as the channel goes back to inversion as Vg goes above Vr, the
electron capture process starts, and subsequent processes get repeated.
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Note that time constant of traps for electron emission is smallest near the con-
duction band edge and increases towards the valence band, while time constant for
hole emission is smallest near the valence band edge and increases towards the
conduction band. Figure 2.27 also depicts the energy level of traps associated with
capture-emission process. During inversion, traps up to the level Egc gets filled
with electrons, and electron emission occurs in the levels between Egpc and Fgg
during the falling edge of the gate pulse, as Vg transitions between Vr and Vgg.
Similarly during accumulation, traps up to the level Eyc get filled with holes, and
hole emission occurs in the levels between Eyc and Eyg during the rising edge of
the gate pulse, as V(g transitions between Vgg and V. Therefore, electron-hole
recombination occurs in traps between the range Egg and Eyg that results in CP
current, Icp. The energy zone (AE) of traps for electron-hole recombination is given
by [45]:

Vr =V
AE = —2kT In |nvy, (JnGP)OAS(IRIF)O'S{ﬁ}] (25)

In (2.5), Vgu and Vg respectively are pulse high and low levels, 7z and #r are
pulse rise and fall times for transition between Vg to Vgg and Vgy to Vgr
respectively, refer to Fig. 2.27; kT and n; are thermal energy and intrinsic carrier
density respectively, vy, is thermal velocity, while o, and oy, are trap capture cross
sections associated respectively with electron and hole trapping. For gate pulse
having frequency f, the CP current Icp is given by [45]:

Icp = qfWLNyr (2.6)

In (2.6), g is the electronic charge, W and L respectively are width and length of
the MOSFET; N;r = (DIT) AE, where (D1T> is the average density of traps per
energy in the energy zone AE scanned by CP, refer to (2.5) and Fig. 2.27, and Nyt is
the total trap density probed by CP method.

CP measurements are done in slow MSM mode before and during logarithmi-
cally spaced interruptions of BTI stress, and by assuming no change in ¢, and o,
and therefore in AE, changes in CP current (Alcp) after stress can be attributed to
changes in trap density (ANpr). Note that to reduce measurement time, CP mea-
surements can be done at fixed gate pulse amplitude, and the Vgy and Vg levels of
the gate pulse need to be chosen above Vr and below Vg respectively, to drive the
MOSFET between strong inversion and accumulation. Pre-stress Nt can be
independently estimated from subthreshold slope measurements, and can be used
with pre-stress Icp to determine the geometric mean of ¢, and o,. Although CP
method has been used to quantify trap generation during NBTI stress in SiON and
HKMG p-MOSFETs as well as PBTI stress in HKMG n-MOSFETSs, in this section,
results are shown for NBTI stress in SiON p-MOSFETs.

As mentioned earlier in this chapter and discussed in Chap. 3, NBTI parametric
shift is caused by mutually independent contribution from trapping in pre-existing
defects and generation of new traps; the later can be independently verified using
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CP measurements. However, caution must be applied before the time evolution of
ANyt obtained from CP measurements is converted to the trap generation compo-
nent (AVir = q - AN/Cox) of overall Vr shift [9]. First, note that CP method scans
trap generation in energy range AE in the band gap centered on the midgap, refer to
(2.5), while Vr shift estimated from inversion Ipp v degradation is impacted by
generated traps throughout the band gap. Moreover, while Iy is usually mea-
sured using ~ milliseconds or ~ microseconds delay, CP method is implemented in
slow MSM mode with measurement delay of ~ seconds, and hence, the later would
suffer from recovery related artifacts. Therefore, time evolution of ANt from CP
measurements must be corrected for band gap and delay differences, which is
discussed below.

Figure 2.28a shows AN;t time evolution obtained from CP measurements for
NBTI stress in SiON p-MOSFETs [9]. Measurements were done using different i
and f values of gate pulse that result in different scanned energy zone AE, refer to
(2.5) [45]. Note that measured ANyt increases with reduction in g and g as AE is
increased, and the AN;t versus AE correlation can be used to determine corrected
ANyt for traps corresponding to the full band gap, which is also plotted in
Fig. 2.28a. Uniform trap generation in the entire band gap is assumed for this
correction. Figure 2.28b plots ANjr time evolution after band gap correction,
obtained from CP measurements with different measurement delay, ;. Note that
NBTI stress induced generated traps do recover after stress is stopped for mea-
surement. Therefore, the magnitude of ANt reduces and the power-law time
exponent n increases with increase in #\; as recovery is increased [2, 22].

Time evolution of ANt at different #,; can be modeled using empirical universal
recovery expression [54]:

(a) 100 PNO, EOT=21.4A, N=29% (b) 100 PNO, EOT=21.4A, N=29%
V= —3V, T=150°C Vesm= 3V, T=150°C
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Fig. 2.28 CP measurements: Time evolution of a measured AN,y for different energy zone of
electron-hole recombination determined by different rise and fall time of gate pulse, and estimated
ANyt after band gap correction. Time evolution of b band gap corrected ANyr for different
measurement delay, and ANyt after both band gap and delay correction. Data from NBTI stress in
SiON p-MOSFETs
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The band gap corrected ANyt time evolution data can be fitted using (2.7) to
determine model parameters, and hence, both band gap and delay corrected ANt
can be obtained for any t#;, which is also shown in Fig. 2.28b. It is important to
remark that the magnitude of ANjr increases and power-law time exponent
n reduces after corrections are performed on as-measured CP data. Failure to per-
form these corrections would severely underestimate the trap generation component
and overestimate the trapping component of NBTI, as done in [55]. Since trapping
is attributed to the as-processed pre-existing defects, this would severely underes-
timate quality of the gate insulator; refer to [9, 25] for further details. Once the band
gap and delay corrections are performed, time evolution of directly measured ANy
from CP would provide correct AVt subcomponent of overall AVr, which is further
discussed in later chapters of this book.

Recovery of NBTI stress-generated traps is of interest and is modeled in detail in
Chap. 6. An interesting artifact of Nt recovery is shown in Fig. 2.29. CP mea-
surements have been performed in SiION p-MOSFETs before and during loga-
rithmic interruptions of NBTI stress; the stress has been performed at different 7,
and different measurement delay #; has been used. Figure 2.29 shows (a) time
evolution of ANt for different stress T at fixed #y;, and (b) power-law time exponent
n of ANyt time evolution data as a function of T for different 7 [22]. The exponent
is calculated using linear regression of measured data in tgtg range of 10 s to 1 Ks.
It is interesting to note that measured 7 increases at higher 7 for a given ty;, which
has been explained by dispersive Hydrogen (H) transport related trap generation
mechanism [20]. However, the above observation is simply a measurement artifact

ANrr(tstr, tn) = (2.7)
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Fig. 2.29 CP measurements: a Time evolution of ANt for NBTI stress in SION p-MOSFETs at
different stress 7. b Extracted power-law time exponent n from ANt time evolution data as a
function of stress T for different measurement delay
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associated with Nt recovery, since the 7 dependent increase in n is strongly
impacted by #y as shown in Fig. 2.29b, and larger n is observed at higher # for a
given T [22]. Therefore, proper corrections to CP measured data must be done
before deriving conclusions regarding NBTI physical mechanism.

2.8 Gated Diode (DCIV)

Although CP is a very useful technique to determine trap generation, it requires the
application of large pulses to the gate terminal of the MOSFET to drive the channel
from strong inversion to accumulation, and hence is not suitable for gate insulators
having thin EOT due to gate leakage issues [53]. Alternatively, direct estimation of
traps at and near the Si/SiO, interface can be obtained using the DCIV method [56,
57], illustrated in Fig. 2.30. The source-drain terminals are shorted and forward
biased just below the junction cut-in voltage, the gate bias is swept from accu-
mulation to inversion in the vicinity of Vg ~ 0 V, and trap assisted electron hole
recombination current Ipcpy iS measured at substrate terminal. DCIV method has
been used to characterize trap generation during NBTI stress in SION p-MOSFETs
[48, 57-59], as well as during NBTI and PBTI stress respectively in HKMG p- and
n-MOSFETs [17, 18, 37, 38, 60]; HKMG results are discussed in detail in Chap. 3.
In this section, implementation of DCIV method is discussed using the example of
NBTI stress in HKMG p-MOSFETs.

Figure 2.31 plots measured Ipcry versus Vg characteristics (a) before and during
different intervals of NBTI stress, as well as (b) immediately after and at different
intervals following stoppage of NBTI stress in HKMG p-MOSFET. Note that Ipcry

Fig. 2.30 Schematic of gate
diode (DCIV) measurement
setup
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Fig. 2.31 [-V characteristics from DCIV measurements a before and after different intervals of
stress, and b immediately after stress and after different recovery intervals, for NBTI stress in
HKMG p-MOSFETSs

peaks at a particular Vg, and the peak magnitude increases and reduces respectively
during and after NBTT stress. The Vg value corresponding to the peak Ipcry also
varies during stress and recovery. Since Ipcyy is due to electron-hole recombination
via the traps at or near the Si/SiO, interface, increase and reduction in Ipcpy signify
generation and recovery of traps during and after NBTI stress. Trap density can be
estimated from peak Ipcpy using the Shockley—Read-Hall (SRH) formalism of
carrier capture and emission [61].

For a single defect situated at energy level Et having density Nyr, the difference
between base and peak values of Ipcry versus Vg characteristics is given by the
following relation [56, 57, 62]:

(o) i 2 ool 1)

exp (%) + cosh(Ur)

IDClV,peak - IDCIV,base = (28)

In (2.8), g is electronic charge, W and L are device width and length respectively,
kT and n; are thermal energy and intrinsic carrier density respectively, vy, is thermal
velocity, o, and o, are trap capture cross sections associated with electron and hole
trapping respectively and Vg is forward bias applied to the shorted source and drain
terminals. Uy = (Er — E)/kT + In (0,/0,), where E; is intrinsic level. The equation
shown is for a single trap situated at a particular energy level, and has to be
integrated over different trap energy levels for distribution of traps. The energy zone
scanned by DCIV technique is given by AE = g - |Vg|, and for relatively larger Vg
value, which should be still lower than the junction cut-in voltage, (2.8) can be
approximated as follows [59, 62]:

1 05 W
Ipciv peak — IDCIV pase = Eqni(anap) vinN1T (WL) exp (;Ik;,> (2.9)
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In (2.9), Nir = {(Di1) AE is average density of traps in energy zone AE, and
similar values of o,, and o, has been assumed. DCIV measurements are done before
and during logarithmically spaced interruptions of BTI stress, and by assuming no
change in o, and o, due to stress, time evolution of ANy can be estimated from time
evolution of measured peak Alpcyy using (2.9). As before, pre-stress subthreshold
slope is used to estimate pre-stress Ny and hence the geometric mean of ¢, and o,
can be found by using pre-stress Ipcyy.

Note that similar to CP, corrections should be done on as-measured DCIV data
before directly estimated ANy is compared to the AVir component of AVy. Similar
to CP, DCIV is also a slow measurement method and is implemented in the MSM
mode. A typical Vs sweep takes ~ seconds, and the time evolution of as-measured
stress-generated defects should be corrected for measurement delay using the
universal recovery expression shown in (2.7). Moreover, DCIV method scans traps
in energy zone AE = g - |V in the Si band gap centered on the midgap, while AV
is impacted by traps generated throughout the band gap. Therefore, obtained trap
density should also be corrected for band gap difference before comparing to the
trap generation subcomponent of overall Vr shift [60]. Failure to do these correc-
tions would result in gross underestimation of the trap generation subcomponent.

DCIV measurements were performed in different HKMG p-MOSFETs, before
and immediately after NBTI stress as well as after a certain delay following NBTI
stress. Devices having different HKMG gate insulator processes have been used
[38]; refer to Chap. 3, Fig. 3.2 for details. Different Eqgx values have been used for
stress, and all devices were stressed and recovered for identical stress time fgr and
recovery time frgc, respectively. Figure 2.32a correlates Alpcry measured just after
NBTI stress to Alpcyy after recovery following NBTI stress. Note that universal
correlation between generation and recovery of traps has been observed across
different devices. Such correlation can be used to determine the parameters of
universal recovery expression shown in (2.7), which can further be used to perform
delay correction of as-measured DCIV data. Figure 2.32b plots the time evolution
of as-measured ANt using the DCIV method for different measurement delay, f,
for NBTI stress in HKMG p-MOSFET. Time evolution of ANjr after delay cor-
rection and both delay as well as band gap correction are also shown. Note that the
magnitude of ANt increases as well as power-law time exponent n reduces after
delay and band gap corrections.

DCIV measurements have been done before and during logarithmically spaced
interruptions in NBTI stress, to determine time evolution of generated traps in
different HKMG p-MOSFETs listed in Chap. 3, Fig. 3.2. Measured data are cor-
rected for delay and band gap using the procedure discussed above. Figure 2.32c, d
plot power-law time exponent n for these devices obtained from corrected trap
generation data, as a function of Vg_grr and 7T, respectively, obtained using linear
regression in fgr range of 10 s to 1 Ks. It is important to remark that universal time
exponent of n ~ 1/6 is always observed, for different devices and across different
Vi-str and T. The physical mechanism behind this universality will be discussed
later in this book. Unless mentioned otherwise, all DCIV data presented in Chap. 3
and elsewhere in this book are delay and band gap corrected.
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Fig. 2.32 DCIV measurements for NBTI stress in HKMG p-MOSFETs: a Correlation of peak
DCIV current degradation and recovery for different HKMG devices. b Time evolution of
measured ANyr for different measurement delay, after delay correction and after both delay and
band gap correction. Extracted power-law time exponent n versus ¢ stress Vg and d stress 7T,
obtained from corrected DCIV data for different HKMG devices. Refer to Chap. 3, Fig. 3.2, for
details of different HKMG devices

2.9 Stress Induced Leakage Current (SILC)

Increase in gate leakage current (Alg) measured in inversion, refered to as SILC, is
a routine characterization technique for Time Dependent Dielectric Breakdown
(TDDB) stress in MOSFETSs [63-65]. SILC has been attributed to inelastic Trap
Assisted Tunneling (TAT) via bulk gate insulator traps generated during TDDB
stress, and is illustrated in Fig. 2.33 [63, 66]. Since BTI and TDDB stress regimes
are essentially the same, as mentioned in Chap. 1, Fig. 1.2, SILC has been used
during NBTI stress in SiON p-MOSFETs [14] and PBTI stress in HKMG
n-MOSFETs [24, 37, 38, 67, 68] to access contribution due to generated bulk
insulator traps. However, due to band alignment issues, SILC is usually not
observed in HKMG p-MOSFETs as discussed in [65]. In this section, the imple-
mentation details of SILC measurement are shown using PBTI stress in HKMG
n-MOSFETs, and more SILC data are shown later in Chaps. 3 and 4. Independently
measured DCIV data are also shown to aid comparison between the two charac-
terization methods.


http://dx.doi.org/10.1007/978-81-322-2508-9_1
http://dx.doi.org/10.1007/978-81-322-2508-9_3
http://dx.doi.org/10.1007/978-81-322-2508-9_4
http://dx.doi.org/10.1007/978-81-322-2508-9_3

2 Characterization Methods for BTI Degradation ...
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Figure 2.34a shows measured Ig versus Vg characteristics before and during
logarithmically spaced interruptions of PBTI stress in HKMG n-MOSFET. Time
evolution of SILC, manifested in the form of increase in /g at a particular Vg after
stress, can be estimated by noting Alg at a fixed Vg from measured Ig—Vg char-
acteristics. However, note that SILC recovers after stoppage of stress [24] and
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Fig. 2.34 SILC for PBTI stress in HKMG n-MOSFETs: a Measured I versus Vg characteristics
before and after stress. b Time evolution Alg obtained at fixed sense Vg for different Vg_gtr and
T. ¢ Time evolution of reduction in Alg sensed at fixed Vg, after removal of stress
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IV sweep is usually time consuming for accurate I measurement. Therefore, it
is desirable to avoid full I5—Vg sweep to minimize recovery, and instead, drop Vg
down from Vg str to Vg.sns, usually equals to Vpp, for one-point I measurement.
Figure 2.34b shows time evolution of Alg at different V5_grr and T for PBTI stress
in HKMG n-MOSFET. A power-law time dependence is observed with time
exponent n (~0.4), which is much larger than that obtained from DCIV mea-
surements and shown earlier in this chapter. Therefore, trap generation probed by
SILC has very different physical origin than that probed by DCIV, which is dis-
cussed in detail in Chap. 3. Figure 2.34c shows the reduction of Alg after stoppage
of PBTI stress, which signifies the recovery of generated traps as measured using
SILC.

Figure 2.35a correlates generation of SILC measured immediately after stress to
SILC recovery measured after certain delay following stress in different HKMG
n-MOSFETs listed in Chap. 3, Fig. 3.2 [38]. All devices were stressed for fixed fgrr
duration at different V5_gtr, and then allowed to recover for a fixed duration fgpc. It
is important to note that universal generation to recovery correlation has been
observed for different devices, and such data can be used to model SILC recovery
using the universal recovery expression of (2.7). As a comparison, Fig. 2.35b
correlates trap generation and recovery obtained from measured changes in DCIV
current, Alpcry, during and after PBTI stress in these HKMG n-MOSFETs.
Identical Vg.sTr, T, ftsTr and frec have been used for SILC and DCIV measure-
ments for fair comparison. Universal correlation has been observed for DCIV
measured data across different devices. However, the slope of the correlation line
for SILC and DCIV are different, refer to Fig. 2.35a, b. Interestingly, the DCIV
measured trap generation to recovery correlation slope is similar between NBTI and
PBTI stress, refer to Figs. 2.32a and 2.35b. This aspect is further discussed in
Chap. 3.

Figure 2.36 plots the time evolution of as measured and delay corrected (a) Alg
and (b) Alpcyy respectively from SILC and DCIV measurements, for PBTI stress in
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Fig. 2.35 Correlation of trap generation and recovery obtained using a SILC and b DCIV
measurements for PBTI stress in HKMG n-MOSFETs having different gate insulator processes.
Refer to Chap. 3, Fig. 3.2, for details of different HKMG devices
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Fig. 2.36 Time evolution of as measured and delay corrected a Alg from SILC and b Alpcry from
DCIV measurements for PBTI stress in HKMG n-MOSFETSs. Extracted time exponent n from
delay corrected SILC and DCIV data as a function of ¢ Vg gtr and d stress T, for PBTI stress in
different HKMG devices

HKMG n-MOSFET [38]. Delay correction is done using (2.7), and the parameters
of the universal recovery expression are calibrated using SILC and DCIV data
shown respectively in Fig. 2.35a, b. Note that power-law time evolution of gen-
erated traps is observed for both measurements, although n from SILC is much
larger than that from DCIV measurements. As expected, magnitude of degradation
increases and power-law time exponent n reduces after recovery correction.
Figure 2.36 also plots delay corrected n from SILC and DCIV measurements, as a
function of (c) Vg.gtr and (d) T for PBTI stress in different HKMG n-MOSFETs.
The exponent n is obtained using linear regression of measured and recovery
corrected data in fgpgr range of 10 s to 1 Ks. Obtained time exponent n is inde-
pendent of Vg.gtr and T for both SILC and DCIV measurements. SILC mea-
surements show n ~ 1/3 after delay correction, which is much larger than n ~ 1/6
observed for DCIV measurements. It is important to remark that delay corrected
DCIV data show universal n ~ 1/6 for both NBTI and PBTI stress, which will be
further discussed in Chap. 3.

For a particular bulk trap density Nt (x, E) at spatial location x and energy E in
the band gap of the gate insulator, increase in inversion gate leakage due to TAT of
electrons is given by the following relation [63, 66]:
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Tc_1(E)Tr—a(E — ER)

dxdE
Tc—1(E) + Tr_a(E — Eg)

AIG = //qanvtthSN(fc —fA)VVL]VT(X7 E)
(2.10)

In (2.10), Tc.r and T, are transition probabilities of electron tunneling from
cathode, i.e., conduction band of Si substrate to the trap, and from the trap to anode,
i.e., gate, respectively, see Fig. 2.33. Ey is the energy relaxation of a trap after
capture of an electron, g is electronic charge, o, is electron capture cross section, vy,
is thermal velocity, N¢ is density of electrons in the conduction band edge, and Sy
is energy suppression factor in conduction band, and f- and fs are occupation
probabilities of the cathode and anode respectively; W and L respectively are width
and length of the MOSFET. The integration is performed over all possible spatial
and energy values of traps in the gate insulator. Time evolution of delay corrected
Alg can be fitted with (2.10) to obtain time evolution of bulk trap density, ANor,
and is discussed in detail later in Chap. 4.

2.10 Low Voltage Stress Induced Leakage Current
(LV-SILC)

Increase in MOSFET gate leakage current in accumulation or Low Voltage SILC
(LV-SILC) has been used as a monitor of interface trap generation for NBTI stress
in p-MOSFETs [1, 58, 69] and also TDDB stress in n- and p-MOSFETsS [70]. As of
now, LV-SILC has been used to characterize trap generation in MOSFETSs having
SiO, and SiON gate insulators, and to the best of our knowledge, this method has
not been used in devices having scaled HKMG gate insulators. In this section,
LV-SILC method will be briefly reviewed to provide additional evidence of
interface trap generation during NBTT stress in SiON p-MOSFETs.

Accumulation I versus Vg sweeps are measured before and during interruptions
of NBTI stress, and Fig. 2.37 plots the increase in gate leakage, normalized to
pre-stress data, Alg/lgo, as a function of measurement Vg for different zgtr [69].
Two different Alg/Igo peaks are observed that evolve with increase in 7gr, One near
Vg ~ 0V and the other near Vg ~ Vgg. As also illustrated in Fig. 2.37, LV-SILC
is associated with elastic or small energy loss tunneling between traps generated at
the Si/SiO, and SiO,/poly-Si interfaces [58, 69, 70]. The peak near Vg ~ 0 V is
due to electron tunneling from the valence band of poly-Si to traps at Si/SiO,
interface as well as hole tunneling via traps at Si/SiO, interface. On the other hand,
the peak near Vg ~ Vg is due to electron tunneling from Si channel to poly-Si gate
via traps at both Si/SiO, and SiO,/poly-Si interfaces. The increase in peak Alg
magnitude with stress implies generation of new traps at these interfaces during
NBTI stress. Although LV-SILC provides crucial evidence of interface trap gen-
eration during NBTI stress, this method is not used in this book.
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Fig. 2.37 LV-SILC measurements: a Increase in Ig after NBTI stress in SiON p-MOSFETs.
b Energy band diagrams showing trap assisted tunneling corresponding to peaks in /-
V characteristics. Data from [69]

2.11 Experimental Artifacts

During BTI test, MOSFET is stressed at Vg = Vg_gtr that is higher than the nominal
operating bias, and the resultant degradation is measured either on-the-fly or by
using logarithmically spaced interruptions in stress. Time evolution of degradation,
measured under accelerated stress condition but for short duration, is then extrap-
olated to end-of-life under use condition to determine device lifetime. It is important
to choose proper stress and measurement conditions so that measured data remain
free from different extraneous artifacts discussed in this section.

Measurement speed is a very important parameter and has very different impact
on OTF and MSM or OSDD techniques. Since OTF measures Ipy without
reducing stress Vg, refer to Sect. 2.2, it does not suffer from the usual recovery
artifacts. However, since the device starts to degrade as soon as Vs str i applied, a
faster measurement or smaller 7, delay would capture a less degraded Iy ino, Which
is important as Ipp ;o is assumed to be undegraded in this method. A larger ¢, delay
results in lower than actual degradation magnitude and higher than actual
power-law time exponent as discussed earlier in this chapter. For a particular 7,
delay, the accuracy of OTF measurement would depend on how fast the device
degrades after the application of Vg.gtr. Devices with significant fast trapping
component are relatively more sensitive to variations in #, delay than devices
having negligible trapping, as shown using the example of RTNO and PNO SiON
p-MOSFETs.

On the other hand, pre-stress measurement is used as a reference for MSM and
OSDD methods, while the gate bias is reduced from Vg.grg for measurements
during stress, refer to Sects. 2.3 and 2.4. Therefore, these methods suffer from
recovery issues, and a lower than actual degradation magnitude and higher than
actual power-law time exponent are captured depending on the measurement speed,
tm. For a particular #y;, the accuracy of MSM and OSDD measurements would
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depend on how fast the device recovers after the removal of stress. Note that
devices having significant fast trapping would also recover fast, and would be more
sensitive to variations in fy;. Therefore, while OTF is impacted by dynamics of
degradation at the initiation of stress, MSM and OSDD methods are impacted by
dynamics of recovery after removal of stress. Impact of measurement speed on
OTF, MSM, and OSDD measurements has been discussed earlier in this chapter.

Recovery plays an important role when BTI degradation is estimated using
different measurement methods and compared against each other. For example,
since BTI degradation is due to contribution from trap generation and trapping that
are mutually uncorrelated, refer to Chap. 4 for details, trap generation is often
estimated directly using CP or DCIV techniques and compared to overall Vr shift to
determine the trapping component. Multiple measurements are often performed
sequentially after stress is interrupted, and depending on measurement delay and the
exact sequence, they would produce different results owing to BTI recovery. As an
illustration, Fig. 2.38 plots time evolution of AVt and ANy obtained respectively
from Ippn-Vg and CP measurements during NBTI stress in SiON p-MOSFETs
[71]. Two different measurement sequences have been used, i.e., I-V first CP last
and CP first -V last, and produce different results as shown. Note that CP requires
larger measurement time than /-V measurements, and since NBTI recovers quickly
in time as soon as stress is stopped, AVt obtained from /-V first CP last is much
larger than that obtained from CP first I-V last sequence, as much of the degra-
dation recovers during CP measurements for the latter sequence. Therefore, it is
important to avoid sequential measurements and perform different measurements
independently on identical but different devices.

Even when independently measured, I-V and CP measurements result in dif-
ferent time evolution of degradation under identical measurement time. Time
evolution of AVt and ANyt due to NBTI stress in SION p-MOSFETs is measured
using OSDD and CP methods, respectively. Experiments were performed under
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Fig. 2.38 Impact of sequential measurements using multiple methods: Time evolution of AVt and
voltage shift corresponding to AN}t obtained respectively from /-V and CP measurements, for /-
V first and CP next and CP first and /-V next sequence. Data from [71]
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Fig. 2.39 Impact of measurement delay: Measured power-law time exponent n as a function of
stress 7, extracted from a AVt time evolution using OSDD and b ANt time evolution using CP
methods, for NBTI stress in SiON p-MOSFETs

identical Vg_grr but different stress 7, and for different measurement delay #y.
Figure 2.39 plots extracted power-law time exponent n for (a) OSDD and (b) CP
measurements as a function of stress 7T for different #,;, obtained using linear
regression of measured data in fgpg range of 10 s to 1k s [22]; the CP data are
reproduced from Fig. 2.29b. Note that as-measured values of n are different
between OSDD and CP measurements at identical stress T and #4, as these methods
suffer from different magnitudes of recovery. For a particular #y;, n increases with
increase in stress 7, and for both measurement methods, the rate of increase in 7 is
higher for larger #\; due to higher recovery. Therefore, just ensuring identical #y; is
not sufficient for error-free comparison of different measurement methods.

As discussed earlier in this chapter, as-measured time evolution of trap gener-
ation obtained directly from CP or DCIV must be corrected for measurement delay
and band gap differences before comparing with the trap generation component of
AVr obtained from ultra-fast OTF, MSM or OSDD Iy measurements. It is
important to remark that failure to do these corrections would severely underesti-
mate the trap generation and over estimate the trapping component of BTL.

BTI stress is usually performed at different Vg _gtr, Which aids in projecting the
accelerated stress data to use condition. BTI and TDDB stress regimes are
essentially same, as discussed in Chap. 1, Fig. 1.2, and therefore, it is important to
carefully choose Vg.gtr so that TDDB effects do not significantly corrupt BTI
degradation. As an example, Fig. 2.40a plots the time evolution of Alpy mea-
sured in SION p-MOSFETs under NBTI stress at different Vg_str [72]. Note that a
power-law time dependence is observed along with the normally observed time
exponent of n ~ 1/6 for stress at lower Vg_str. However, Alp; iy breaks off from
simple power-law time dependence and increases at longer fgr for stress at higher
Vis-str; the break-off happens earlier in time as Vg.grr is increased. Increased
degradation at longer fgrr can be modeled using the sum of two independent
degradation, having power-law dependence with n ~ 1/6 and n ~ 1/3 corre-
sponding to NBTI and TDDB respectively, also shown in Fig. 2.40a, refer to
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Fig. 2.40 Impact of TDDB defects at high Vg.grr: @ Time evolution of measured Alpy at
different Vg_str, and its decomposition into NBTI (n = 1/6) and TDDB (n = 1/3) components, and
b time evolution extracted TDDB component for different Vg.gtgr, for NBTI stress in SiON
p-MOSFETs. Data obtained from [72]. Time evolution of ¢ AVt from /-V and d Alg from SILC
measurements, for NBTI stress at different Vg.grr and reverse substrate bias Vg in SiO,
p-MOSFETSs

Chap. 4 for further details. Figure 2.40b shows the time evolution of extracted
additional degradation for different Vg grr. Identical n ~ 1/3 power-law time
dependence is observed across all Vg_gtr, With a Vg acceleration factor of I'yy ~ 30
corresponding to time to reach a fixed degradation, which is similar to that
observed for TDDB stress [48, 63, 68].

As an additional proof, Fig. 2.40c plots the time evolution of AVt measured in
thicker SiO, p-MOSFETs for NBTI stress at low and high Vg_stgr, as well as at low
Vis-str and high reverse substrate bias (V) [14]. Note that AVt shows power-law
time dependence with a single time exponent of n ~ 0.25 for the entire duration of
stress, when stress is performed at lower Vg and at Vg = 0 V; higher n is observed
due to recovery issues as data were measured using slow MSM method. However,
AV breaks off from the n ~ 0.25 power-law trend and increases at longer z5tr for
stress at higher Vg_str and Vg =0 V or at low Vg_str but Vg > 0 V. To understand
the mechanism responsible for enhanced degradation at longer fstr, independent
SILC measurements were performed in these devices at identical stress conditions.
Figure 2.40d plots time the evolution of Alg/Igo measured in inversion, showing
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absence of SILC for low Vg and Vg = 0 V stress. However, SILC is observed at
longer tgrr for stress at higher Vg.grr and Vg = 0 V or at lower Vg.grr but
Vg >0 V. As SILC is a measure of bulk trap generation, refer to Sect. 2.9, increased
AVt at longer tsTr can be attributed to the charging of generated TDDB like bulk
traps for stress at higher Vg.str and Vg = 0 V or for lower Vg gtr but Vg >0 V.

The energy band diagrams corresponding to NBTI stress in p-MOSFETs,
illustrated in Fig. 2.41, can help explain the physical mechanism responsible for
TDDB like bulk oxide trap generation under certain stress conditions [14]. For low
stress Vg, inversion holes tunnel from Si substrate to gate and electrons tunnel from
gate to substrate, refer to Fig. 2.41a, which is normal NBTI condition. At higher Vg,
refer to Fig. 2.41b, electrons tunneling from gate to substrate gain enough energy
and undergo impact ionization at the substrate and create hot holes, which can get
injected back into the oxide by Anode Hole Injection (AHI) mechanism and create
oxide defects [63]. Note that high stress Vg results in high Egx in the gate insulator
as well as generation of hot holes, and it is difficult to distinguish and identify the
main reason behind bulk trap generation. Therefore to further verify the role of hot
holes, Fig. 2.41c shows energy bands corresponding to stress at low Vg but high
reverse Vg. In spite of low Egyx, hot holes can be generated via impacted ionization
in the substrate due to high Vg, and can also generate bulk oxide traps as shown.
Therefore, TDDB can affect the time evolution of NBTI degradation at long stress
time, unless the upper limit of stress gate bias is carefully chosen.

2.12 Summary

To summarize, three different ultra-fast characterization methods are discussed to
determine Vr shift of a MOSFET due to BTI stress. The MSM method involves I
versus Vg sweep measurements before and during periodic interruptions of stress
and provides direct estimation of AVr; pre- and post-stress Vr being calculated
using peak g, method. The MSM method is implemented for DC and AC stress and
the impact of pulse hold and sweep delay is discussed. The OTF method senses Ip
on-the-fly without reducing stress Vg, while the OSDD method measures I, by
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reducing Vg from stress to a fixed sense bias. The impact of mobility degradation at
different sense bias is discussed, and a post-processing mobility correction proce-
dure is discussed for these one spot methods to properly estimate AV from mea-
sured Ip degradation. The impact of time-zero delay for OTF and drop down delay
for OSDD is discussed. It is shown that OTF measurement accuracy is dependent
on how fast a device degrades after stress, while that for MSM or OSDD depends
on how fast a device recovers after the removal of stress.

Several characterization techniques are discussed that directly estimate the
pre-existing and newly generated defects in MOSFET gate insulator and are
responsible for BTI degradation. Pre-existing process related traps are estimated in
different SION and HKMG devices using flicker noise method; a correlated number
and surface mobility fluctuation model is used to determine trap density from
measured drain current noise. The implementation details of CP and gated diode (or
DCIV) techniques are discussed to determine density of generated traps during BTI
stress. CP and DCIV are relatively slow methods and scan generated traps only in a
limited energy range corresponding to the center of the Si band gap. Delay and
band gap correction methods are discussed, which can be used to correct
as-measured data for proper comparison with the trap generation component
obtained from ultra-fast I-V methods. Increase in gate leakage in inversion or SILC
is used to characterize generation of bulk traps in the gate insulator. The importance
of proper choice of stress Vg is discussed, to minimize corruption of BTI degra-
dation by TDDB like bulk trap generation. Finally, the LV-SILC method that also
probes interface trap generation during BTI is briefly discussed.

In later chapters, NBTI in SiON p-MOSFETs is characterized using the mobility
corrected OTF method, while flicker noise and CP methods are used respectively to
characterize the pre-existing and generated traps. NBTI and PBTI in HKMG
MOSFETs are characterized using the MSM method; flicker noise and DCIV are
used to characterize the pre-existing and generated traps, respectively. When
applicable, SILC is used to characterize generated bulk insulator traps.
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Chapter 3

Physical Mechanism of BTI
Degradation—Direct Estimation
of Trap Generation and Trapping

Subhadeep Mukhopadhyay and Souvik Mahapatra

Abstract In this chapter, direct characterization techniques have been used to
access the trap generation and trapping subcomponents of BTI degradation in
HKMG MOSFETs having different gate stack processes. Generation of new traps is
estimated using DCIV for NBTI stress and both DCIV and SILC for PBTI stress
respectively in p- and n-channel MOSFETs. Flicker noise is used to estimate the
density of process related pre-existing gate insulator traps responsible for hole and
electron trapping respectively during NBTI and PBTI stress. The spatial and
energetic locations of generated traps for NBTI and PBTI stress are identified. The
time, bias, and temperature dependencies of trap generation obtained using the
DCIV technique are compared between NBTI and PBTI stress, while these
parameters obtained using DCIV and SILC techniques are compared for PBTI
stress. The relative dominance of trap generation and trapping on NBTI and PBTI
threshold voltage degradation is estimated for different gate insulator processes.

3.1 Introduction

From a practical point of view of technology qualification, it is important to know
the magnitude of Bias Temperature Instability (BTI) at end-of-life of devices and
hence of circuits and products under normal use condition. Estimation of
Negative BTI (NBTI) and Positive BTI (PBTI) respectively in p- and n-channel
Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) is usually done by
stressing the devices at higher than normal gate bias (Vg = Vg_str) and measuring
the resulting device parametric degradation with minimal impact of recovery arti-
facts. Different “recovery-free” measurement techniques have been discussed in
Chap. 2. As mentioned before, stress tests are usually performed for few hours or
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days in wafer level setup, although sometimes the test can go on for few months in
package level setup. Measured data at short time and at accelerated aging condition
are then extrapolated to end-of-life and normal operating condition by using suit-
able models. Proper understanding of BTI degradation mechanism is necessary to
develop reliable extrapolation models. It also helps in understanding the impact of
gate insulator processes on BTI, which in turn helps in process optimization for
keeping BTI under acceptable limits for technology qualification.

The physical mechanism of BTI has remained as a topic of great debate. It was
discussed in Chap. 1 that NBTI has emerged as a crucial p-MOSFET reliability
issue since 90 nm technology node, when Silicon Oxynitride (SiON) replaced
Silicon Dioxide (SiO,) as the gate insulator [1, 2]. NBTI remains as an important
issue even today for planar MOSFETs and FinFETs having state-of-the-art High-K
Metal Gate (HKMG) gate stacks [3, 4]. Over the years, different physical mecha-
nisms have been proposed to explain buildup of positive charges in the gate
insulator during NBTI stress and were recently reviewed [5]. Figure 3.1 shows
schematic of p- and n-channel HKMG MOSFETs having bi-layer gate insulator
stack with SiO, or SiON Interlayer (IL) and Hafnium Oxide (HfO,) High-K
dielectrics. Positive charge buildup during NBTI stress can be due to either one or
both of the two processes, i.e., generation of new traps at or near the interface
between Silicon (Si) channel and SiO, (or SiON) IL and/or charging of
pre-existing, as-processed traps in IL bulk. It is believed that HfO, High-K layer
presumably acts primarily as a voltage divider.

Different characterization techniques have been discussed in Chap. 2 for
accessing the density of process related and generated traps respectively before and
after BTI stress. Note that direct characterization techniques such as Charge
Pumping (CP) [6] and Gated Diode (or DCIV) [7] have been used in several reports
to provide irrefutable proof of interface trap generation (ANjt) for NBTI stress in
SiON [5, 7-15] and HKMG [5, 16-18] p-MOSFETs. In spite of these experimental
evidences, some reports have suggested hole trapping in pre-existing traps (ANyr)
as the only NBTI mechanism [19-23], which is definitely not correct. Similarly,
reports suggesting ANyt as the exclusive NBTI mechanism [10, 11] are also not
correct, as they cannot explain ultra-fast threshold voltage shift (AVy) measure-
ments [20, 24, 25] and gate insulator process dependence of NBTI [13—15]. As of

NBTI PBTI TG at HK bulk

MG TP in HE bulk MG
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T T
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Fig. 3.1 Schematic of p- and n-channel HKMG MOSFETs showing different trap generation
(TG) and trapping (TP) processes under NBTI and PBTI stress
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today, the prevailing notion of NBTI mechanism involves contribution from both
ANt and ANyr; although some have suggested strong coupling or correlation
between the two processes [26], most reports suggest that they are independent and
mutually uncorrelated [5, 9, 13—18, 27-35]. Furthermore, trap generation (ANgr) in
bulk IL also contributes for situations involving high stress gate bias (Vg.sTr)-
Mutually uncoupled ANy and ANyt (and also ANgr for certain situations)
mechanisms can explain different gate insulator process dependent NBTI data [5,
33-35], and is discussed later in Chap. 4.

As discussed in Chap. 1, PBTI remained negligible for SiON n-MOSFETSs and
became important with the introduction of HKMG technology [36]. As mentioned
before, NBTI in HKMG MOSFETS results in positive charge buildup in the SiO, or
SiON IL due to trap generation at Si/IL interface and hole trapping in IL bulk [16,
17, 34]. In contrast, PBTI results in negative charge buildup in HfO, High-K layer
as shown in Fig. 3.1 [36]. Note that initial HKMG MOSFETs had thick and not
fully optimized HfO, High-K layer and showed very large PBTI degradation pri-
marily due to significant electron trapping in pre-existing traps (ANgt) [37, 38].
However, PBTI magnitude reduces with reduction in High-K layer thickness [36]
and with optimization of HKMG process [39] as mentioned in Chap. 1. For
well-optimized gate insulator stacks, various reports have suggested trap generation
in the High-K layer measured directly using DCIV [16, 17, 40] and Stress Induced
Leakage Current (SILC) [40, 41] methods. Moreover, a recent report has suggested
two different and mutually uncoupled PBTI trap generation processes, presumably
at the IL/High-K interface (ANir.gykx) and High-K bulk (ANgr.pk), respectively,
probed by DCIV and SILC techniques [17]. In spite of such direct experimental
evidences of trap generation, some report still suggests PBTI to be solely due to
electron trapping in pre-existing process related traps in the High-K layer even for
state-of-the-art technology nodes [42], which is obviously not correct. However,
many reports have suggested mutually uncorrelated trap generation and trapping in
High-K as the physical mechanism of PBTI [16, 17, 32, 40, 43]. PBTI model is
discussed later in Chap. 4.

Furthermore, transconductance degradation (Ag,,) has been reported for NBTI
stress in HKMG p-MOSFETs since generated IL charges are closer to the channel
and results in mobility degradation due to Coulomb scattering. However, Ag,, is
negligible for PBTI stress in well-optimized HKMG n-MOSFETs due to negligible
IL degradation [39], refer to Chap. 1 for details. While the magnitude of PBTI
degradation reduces with HfO, thickness scaling, it increases with reduction in IL
thickness since generated High-K layer charges come closer to the channel, and also
due to possible modification of the High-K layer quality introduced by the IL
thickness scaling process [17, 32, 44, 45]. Therefore, NBTI and PBTI charges are
shown to have very different physical location in the HKMG gate stack.

As mentioned in Chap. 1, the relative magnitude of NBTI and PBTI degradation
respectively in p- and n-channel HKMG MOSFETs stressed under identical oxide
field (Eox) and temperature (7) depends on the gate insulator process and is industry
specific [3, 4]. Although NBTI results in trap generation and trapping in the IL layer
while PBTI degrades the High-K layer, they demonstrate very similar behavior listed
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as follows, when measured by using Ultra-Fast Measure-Stress-Measure (UF-MSM)
technique, refer to Chap. 1 for details:

(a) Time evolution of AVr shows rapid increase at the beginning of stress and
power-law time dependence with time exponent n for longer stress time. The
longer time power-law dependence is observed for both DC and AC stress,
refer to Figs. 1.25 and 1.30.

(b) The longer time power-law time exponent 7 is independent of stress Eqx and
T when stress and measurements are performed without any extraneous arti-
facts, such as influence of recovery or stress saturation, and shows similar
values for NBTI and PBTI stress. The exponent is also independent of AC
pulse duty cycle (PDC) and frequency (f), although n for AC stress is higher
compared to DC stress. Refer to Figs. 1.26 and 1.31.

(¢) Measured AVr increases with stress Eqx and 7. The power-law Eqx accel-
eration factor (I'g) and Arrhenius T activation energy (E,) extracted using AVp
measured at fixed stress time (fgr) are found to be independent of stress 7" and
Eox respectively, when stress and measurements remain free from certain
extraneous artifacts mentioned above, refer to Fig. 1.27.

(d) BTI recovery results in lower AVt for AC when compared to DC stress. AC
AVy is independent of f, and shows a typical “S” shaped characteristic with
variation in PDC, with a large “kink” or “jump” in AV observed between
high PDC AC and DC stress, refer to Fig. 1.32.

(e) Although the magnitude of AVr increases for NBTI but reduces for PBTI
when Nitrogen (N) is incorporated in the gate insulator stack, the parameters n,
E, and I'g show a reduction for both NBTI and PBTI stress, refer to Fig. 1.34.

(f) Equivalent Oxide Thickness (EOT) scaling achieved either by reduction in IL
thickness or post High-K nitridation results in higher AVy but reduction in
parameters n, E5 and I'g, refer to Fig. 1.35.

In this chapter, the underlying trap generation and trapping subcomponents of
NBTI and PBTI degradation are independently assessed respectively in p- and
n-channel HKMG MOSFETs. Devices having different HKMG gate insulator
processes are used. The contribution of trap generation and trapping on AVry
measured using ultra-fast MSM method is also assessed to determine physical
mechanism of BTI degradation. The concept developed in this chapter will be used
in Chap. 4 to develop quantitative NBTI and PBTI models.

3.2 Description of HKMG Devices

Figure 3.2 shows the gate insulator process flow of different HKMG MOSFETs
studied in this chapter. A Gate First integration scheme has been used.

The devices have different Rapid Thermal Process (RTP) based thermal IL
layers [46] but identical HfO, High-K layer obtained using the Atomic Layer
Deposition (ALD) method [47]. Different pre-clean surface treatments have been
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Fig. 3.2 Schematic process flow of different HKMG gate insulators studied in this chapter

used before thermal IL growth and before ALD High-K deposition. The Si/IL
pre-clean is done before the IL growth and therefore affect the IL quality, and for
thinner IL, it can also affect the High-K quality. The IL/HK pre-clean is done after
IL growth but before High-K deposition, and impacts the High-K layer quality.
EOT scaling has been achieved (a) by using RTP based thermal IL having thickness
of 5 A (D1) and 3 A (D2), (b) by introducing Nitrogen (N) in the gate stack after
High-K deposition, using Decoupled Plasma Nitridation (DPN) [48] with proper
Post Nitridation Anneal (PNA) [49] (D3) and (c) by using N based surface pas-
sivation before RTP IL growth (D4). Devices D1 through D4 have identical Si/IL
and IL/HK pre-clean processes, different IL but identical High-K thickness. Devices
D5 through D7 have identical IL and High-K layer thickness, however, D5 and D6
have similar Si/IL but different IL/HK pre-clean processes, while D6 and D7 have
different Si/IL but similar IL/HK pre-clean processes. All thicknesses are measured
using X-ray Photoelectron Spectroscopy; refer to [32] for further details.

3.3 Trap Generation During NBTI

In this section, trap generation during NBTI stress in HKMG p-MOSFETS is
studied using the Gated Diode or DCIV technique [7], which has been discussed in
detail in Chap. 2. In this technique, the source and drain terminals of a MOSFET are
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shorted together and forward biased below the junction cut-in voltage, the gate is
swept from accumulation to inversion, and the current due to electron-hole
recombination in traps at and near the Si channel and gate insulator interface is
measured at the substrate. DCIV current (Ipcyy) is proportional to the density of
these traps, and therefore, increase in Ipcry after NBTI stress is a direct measure of
generation of new traps. In HKMG MOSFETs, DCIV can measure trap generation
at Si/IL interface, IL bulk, as well as at IL/High-K interface especially for gate
stacks having thin IL layers, refer to Fig. 3.1. However, it is unlikely that DCIV
would probe much deeper inside High-K bulk. Therefore, in addition to generated
traps associated with NBTI, DCIV technique can also measure generated traps in
the IL due to Time Dependent Dielectric Breakdown (TDDB) process as both
mechanisms get triggered at identical stress conditions, refer to Chap. 1, Fig. 1.2.
However, as discussed in Chaps. 2 and 4, TDDB has much larger V5 acceleration
factor compared to NBTI [15], and for HKMG MOSFETs, the stress Vg gets
divided between the IL and High-K layers. Therefore, for moderate values of stress
Ve, trap generation in HKMG devices measured by DCIV can be largely associated
to the NBTI process.

Furthermore, DCIV is a slow measurement technique and it takes approximately
few seconds to perform the Vg sweep and measure Ipcry using conventional
instrumentation. Note that DCIV characterization is performed in MSM mode,
where measurements are performed before and during logarithmically spaced
intervals of NBTI stress. Since generated traps start to reduce when NBTI stress is
stopped for measurement, measured DCIV data get corrupted by recovery artifacts
and therefore needs to be corrected for measurement delay, as discussed in Chap. 2.
Finally, note that DCIV scans trap generation located energetically in ~0.3 eV
around the Si band gap [7]. Since AVt gets affected by trap generation in the entire
band gap, measured DCIV data must also be corrected for such band gap difference
before compared to AVt obtained from -V measurements. DCIV data in this and
following sections are plotted after correction for measurement delay and band gap
difference using the procedure discussed in Chap. 2 [17].

3.3.1 DCIV Measurements in DC Stress

Figure 3.3 plots time evolution of generated interface traps (ANpr) in HKMG
p-MOSFETs having (a) non-nitrided (D2) and (b) N surface passivated (D4) IL for
NBTI stress at different Vg_grr and 7. As mentioned before, ANyr is extracted from
DCIV measurements after delay and band gap correction. Only longer time data are
plotted, and ANjr increases with increase in Vg.grr and T as expected, and the
nitrided device D4 shows slightly higher degradation compared to its non-nitrided
counterpart due to larger stress Eqgx and different IL quality. Note that Egx is
calculated using (Vg.str — Vro)/EOT; where Vg is pre-stress Vr and EOT is the
SiO, equivalent gate insulator thickness. The time evolution of ANjr shows
power-law dependence with identical time exponent (n ~ 1/6) for both devices and
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Fig. 3.3 DCIV measured time evolution of ANy for NBTI stress at different Vg.grr and 7 in
HKMG p-MOSFETs having different IL processes

for different Vg.str and T. The exponent n is extracted by linear regression of
measured ANyr time evolution data in fgtg range of 10 s to 1 Ks. Interestingly, the
HKMG process dependence of time exponent n for ANy is different from that for
AVy shown earlier in Chap. 1, Figs. 1.25, 1.33 and 1.35. Note that although AVy
shows power-law time dependence with exponent » that is independent of Vg gtr
and T for a particular HKMG process, its value reduces for nitrided devices unlike
that shown here for ANy data. Moreover, the value of n for ANt is always higher
than that for AVt when extracted in the same range of #gtr as shown.

As a further proof of the universality of power-law time exponent n, time
evolution of ANjr is measured using DCIV method in different HKMG devices
shown in Fig. 3.2. Figure 3.4 plots extracted n versus (a) Vg.srr and (b) T after
correction for measurement delay. Note that within measurement error, a universal
power-law time dependence with n ~ 1/6 is obtained for devices having different
HKMG gate insulator processes and also across different V5_gtr and 7. Once again,
while a universal exponent is obtained for time evolution of ANy, this is in contrast
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Fig. 3.4 Extracted long-time power-law time exponent n for different HKMG devices as a
function of a stress Vg and b stress 7, obtained using DCIV measurements during NBTI stress
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to the exponent obtained for time evolution of AVt from UF-MSM technique; the
latter has strong gate insulator process dependence as discussed in Chap. 1, Sect. 1.
6. This universality of ANyt time evolution is a very significant result and under-
lines the robustness of physical mechanism governing interface trap generation,
which will be discussed later in this book.

Figure 3.5 plots (a) stress Egx and (b) stress T dependence of ANyr at fixed #g1g,
obtained from DCIV measurements after delay and band gap corrections.
Experiments have been performed at three sets of stress 7, and for each 7, three
different values of Egx have been used. This facilitates extraction of power-law
Eox acceleration factor I'g and Arrhenius T activation energy E5 of ANyt at dif-
ferent T and Egy, respectively. Since ANjt time evolution has power-law depen-
dence with similar n for different stress Eqgx and T as shown above, extracted I'g
and E, would be independent of tgtg. It is interesting to note that similar to Egx
and T dependence of AVy shown in Chap. 1, Fig. 1.27, measured values of ['r and
E5 from Eox and T dependence of ANjt are also independent of T and Epy,
respectively. Note that mutually independent Eqx and T dependencies are obtained
when stress and measurement remain free from extraneous artifacts mentioned in
Chap. 1, Sect. 1.3.

Figure 3.6 shows the impact of IL thickness on (a) power-law field acceleration
factor I'g and (b) Arrhenius T activation energy E, extracted from DCIV measured
ANy data after delay and band gap correction, for NBTI stress in different HKMG
devices shown in Fig. 3.2. As discussed before, IL thickness scaling is achieved by
using different RTP based thermal IL (D1, D2), post High-K nitridation (D3), and
RTP based IL on N passivated Si substrate (D4). Both I'g and E4 reduce with EOT
scaling as shown, which is similar to EOT dependence of [' and E for AVt shown
in Fig. 1.35. For a particular device, the magnitude of I'g for ANt is similar to that
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Fig. 3.5 Fixed time DCIV measured ANyy versus a stress Eqx and b stress 7 for NBTI stress in
HKMG p-MOSFETs. Egx dependence is shown for different 7 and T dependence shown for
different Eqx. Eox dependence is plotted in a log—log scale and T dependence is plotted in a
semi-log scale
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Fig. 3.6 Power-law field acceleration factor (I'g) and Arrhenius 7 activation energy (E) of DCIV
measured ANy for NBTI stress, as a function of IL thickness of different HKMG stacks

for AV, while E for ANyt is always higher compared to the corresponding value
for AVr. This aspect is discussed later in this chapter and also in Chap. 4.

3.3.2 DCIV Measurements in AC Stress

Similar to DC stress, DCIV assessment of trap generation during AC NBTI stress is
also done in MSM mode, where measurements are performed before and during
logarithmically spaced interruptions of stress. Figure 3.7 plots time evolution of
ANyt during AC stress at different (a) PDC and (b) f but identical stress Eqgx and 7,
obtained from DCIV measurements after delay and band gap corrections.

Only the long tgtr data are plotted, and the corresponding DC data are also
shown. Note that DC stress bias and AC stress pulses have been applied for
identical fgTr duration, and therefore the actual duration of AC stress, i.e., the pulse
on time would depend on PDC of the applied AC pulse. ANyt time evolution shows
power-law dependence at longer fgr for both DC and AC stress, and the exponent
n extracted in fgrr range of 10 s to 1 Ks is also plotted in Fig. 3.7 as a function of
(c) PDC and (d) f of the gate pulse; DC value is shown as reference (100 % PDC).
Identical n (~1/6) is observed for DC and AC stress at different PDC and f. Note
that identical n of ANr time evolution for DC and AC stress is in contrast to that
observed for time evolution of AV, measured using the UF-MSM technique and
shown in Chap. 1, Fig. 1.31; AVt shows lower n for DC compared to AC stress.
Moreover when extracted in same tgtr range, AN+ shows higher n compared to
AVy for DC stress, however, both ANt and AVt show identical n (~ 1/6) for AC
stress. Once again, the universality of n ~ 1/6 for ANt time evolution during DC
and AC stress suggest the robustness of the underlying physical mechanism of
interface trap generation and is discussed in Chap. 5.

Figure 3.7 also plots measured ANyr at fixed 7zgrg for AC NBTI stress as a
function of (e) PDC and (f) f, the PDC dependence is measured using AC pulses
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Fig. 3.7 DCIV measured time evolution of ANy for AC NBTI stress at different a PDC and
b frequency; the PDC and f values used in panel a and b respectively are mentioned at the fop.
Measured long-time power-law time exponent n as a function of ¢ PDC for different devices and
d frequency. Fixed time measured ANt versus e PDC for different V.1 ow and f frequency

having identical pulse high but different pulse low values. AC data are normalized
to the corresponding DC value at identical fgtg. Note that ANjr magnitude
increases with increase in PDC, but remains independent of the pulse low value and
f- Although findependence of ANt is qualitatively similar to that observed for AVt
as shown in Chap. 1, Fig. 1.32, AN;r and AV have very different AC to DC ratio.
On the other hand, the PDC dependence of ANjr is both qualitatively and quan-
titatively different from the PDC dependence of AVy. Note, ANyt does not show the
“S” shaped PDC dependence as in AV, and moreover, no “kink™ or “jump” is seen
for ANyt data between high PDC AC and DC stress. Furthermore, not only ANyt
has very different AC to DC ratio compared to AVy as mentioned above, unlike
AVr, the AC to DC ratio for ANy does not depend on the pulse low value. Time
evolution of ANy and AVt for AC stress will be explained later in this book.
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3.4 Hole Trapping During NBTI

As discussed earlier in this chapter, although interface trap generation plays a
crucial role, it alone cannot explain UF-MSM measured AVt during NBTT stress.
As an evidence of additional contribution from the hole-trapping component,
Fig. 3.8 plots time evolution of measured AVt and AVt (=q/Cox * ANjr) obtained
using UF-MSM and DCIV techniques, respectively. Experiments were performed
on HKMG p-MOSFETs having (a) non-nitrided (D2) and (b) N surface passivated
(D4) IL, refer to Fig. 3.2; Cox is gate insulator capacitance and g is electronic
charge. Identical stress Eqgx and T have been used for both devices, and experi-
mental DCIV data were corrected for measurement delay and band gap differences
as mentioned earlier. Since AVt signifies the component of AV that is contributed
by generated interface traps (ANyt), the difference between AVt and AVyy signifies
contribution due to hole trapping in pre-existing traps, AVyrt (=¢/Cox * ANgt).
Time evolution of AVyr is also plotted in Fig. 3.8. Only longer st data are shown.

Time evolution of AVt has power-law dependence with exponent n ~ 1/6 as
discussed above, while AVyr saturates at longer zstr as shown. Therefore, time
evolution of AVy (=AVir + AVyr) shows power-law dependence with lower
n compared to that for AVyr. This explains the reason behind lower time exponent
n observed for AVy compared to ANpr data across different Vg.grr and T as
mentioned before. Although the AVt contribution increases slightly for the N
containing device D4 compared to the non-nitrided device D2, a significantly large
increase is observed for the AVt component. Therefore, AVt magnitude increases
while time exponent n reduces for the D4 device as shown. Figure 3.8 clearly
indicates that the underlying ANyr and ANyt components of NBTI are uncorre-
lated; a relatively larger increase in ANy is observed for the D4 device having N in
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Fig. 3.8 Time evolution of UF-MSM measured AVt and DCIV measured ANt contribution after
measurement delay and band gap correction (AVir), for NBTI stress in HKMG p-MOSFETs
having different IL processes. Extracted difference (AVyr) is also shown
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the gate stack, which can explain the measured reduction in the time exponent
n. However, AVir component dominates AVt for both devices as shown.

As a further proof, Fig. 3.9a shows the correlation of measured AVt and AVyr for
HKMG devices D2 and D4. As mentioned before, AV is obtained using UF-MSM
and AVt using DCIV after delay and band gap correction. The 1:1 correlation line
is also shown, which signifies zero hole-trapping contribution. Note that for a
particular AViy, D2 device shows slightly higher AVy than the 1:1 correlation line,
while a somewhat larger AVry is observed for device D4, which is consistent with
relatively larger ANy contribution for device D4 having N in the gate insulator
stack. Larger magnitude of hole trapping during NBTI stress in gate insulators
containing N is a well-known result and reported by various groups [13-15, 50].

Hole trapping occurs in pre-existing, process related gate insulator traps, and as
mentioned in Chap. 2, flicker noise technique can be used to access the density of
these traps. In flicker noise method, the gate of the MOSFET is biased in weak
inversion and the power spectral density of drain current noise (Sip) is measured
using a spectrum analyzer. The inversion layer carrier density in the channel
remains low in weak inversion, and drain current noise arises due to trapping and
detrapping of carriers in gate insulator traps. Higher trap density results in larger Sip
and vice versa. Figure 3.9b shows measured pre-existing trap density in devices D2
and D4. Note that the nitrided device D4 shows higher trap density, which is
consistent with higher ANy contribution shown in Figs. 3.8 and 3.9a. The impact
of N on pre-existing hole traps has been studied in detail in SiON [50] and HKMG
[51] p-MOSFETs and also verified by Density Functional Theory (DFT) calcula-
tions as discussed in detail in [17, 51].

Time evolution of AVy and ANyt during NBTI stress has been measured
respectively using UF-MSM and DCIV methods for three sets of stress 7, and for
each T, three different Egx values have been used for stress. The Egx and
T dependencies of AVr at fixed tsr are shown in Chap. 1, Fig. 1.27 and that for
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Fig. 3.9 a Correlation of UF-MSM measured AVt and DCIV measured AVyr for NBTI stress, and
b pre-stress trap density measured by using flicker noise method, in HKMG p-MOSFETs having
different HKMG gate insulator processes
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ANy are shown before in Fig. 3.5. Measured AVt and AVt as well as the extracted
difference AVyr obtained at a fixed tstg for the HKMG device D4 are plotted in
Fig. 3.10a versus stress Eox for a particular stress 7, and plotted in Fig. 3.11a
versus stress T for a particular stress Egx. Note that the AVir subcomponent
dominates overall AV for all Eqx and T, even for D4 device having N in the gate
insulator stack. Moreover, identical power-law Eqyx dependence I'g is obtained for
AVy, AVir and therefore for AVyr. However, extracted AVyr has much lower
Arrhenius T activation energy E, compared to measured AVir, which explains
lower EA for AVt when compared to E5 for AVt as shown.

As discussed before, AVt and ANir have power-law time dependence with
identical n across different Eqyx and 7, although n for ANy is higher than that for
AVr. Therefore, extracted I'g and E for AVy, AVt and hence for AVt would be
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Fig. 3.11 a Fixed time UF-MSM measured AVy, DCIV measured AVir and their difference
(AVyr) versus NBTI stress T plotted in a semi-log scale. b Extracted T activation energy for AVr,
AVt and AVyr versus stress Eqgx
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independent of the value of tgtr used for extracting Eqx and T dependence,
otherwise these terms would not have much meaning. Extracted I'g versus T for
AVr and its AVir and AVyr subcomponents is shown in Fig. 3.10b, while the
corresponding E, versus Egx relation is shown in Fig. 3.11b. Note that in the
absence of different extraneous artifacts mentioned in Chap. 1, Sect. 1.3, I'g and E4
for both AVr and ANyt (or AVip) are independent of T and Egx respectively as
shown. Therefore, I'r and E, of extracted ANyt (or AVyr) also has the same
behavior as shown. Mutually uncoupled I'g and E, is observed for other devices,
not plotted here for brevity.

3.5 Trap Generation During PBTI

In this section, trap generation during PBTI stress in HKMG n-MOSFETs is studied
using the DCIV [7] and SILC [41] techniques. DCIV scans trap generation located
energetically in ~0.3 eV around the Si band gap, and in HKMG MOSFETs, it can
measure generated traps at Si/IL interface, IL bulk, as well as at [L/High-K interface
especially for gate stacks having thin IL layers. As mentioned before, negligible g,,
degradation during PBTI stress suggests negligible IL. degradation and therefore,
PBTI is believed to cause trap generation and trapping predominately in the HfO,
High-K layer [36, 39]. DCIV measurements can probe trap generation during PBTI
stress at and near the IL/High-K interface (ANyr.yk); refer to Fig. 1. As mentioned
before, it is unlikely that DCIV method would probe much deeper into the High-K
bulk.

As discussed in Chap. 2, SILC is estimated from measured gate current (Ig)
before and during logarithmically spaced intervals of BTI stress. Increase in I after
stress is due to trap assisted tunneling via newly generated traps, and therefore, the
magnitude of increased gate current (Alg) can be used to estimate density of
generated traps during PBTI stress in HKMG n-MOSFETs [40]. Note that SILC has
been used in the past to estimate gate insulator trap generation associated with the
TDDB process [52-54], and also bulk trap generation during NBTI stress [55], in
SiON MOSFETs. SILC is negligible during NBTT stress in HKMG p-MOSFETSs
due to band alignment issues mentioned in Chap. 2, while non-negligible SILC is
observed in HKMG n-MOSFETs during PBTI stress [3, 16, 17, 40, 41]. Note that
unlike DCIV that scans traps that are energetically aligned with Si mid gap, SILC
scans traps close to the conduction band edge of the High-K layer [41]. However,
there is a debate regarding the exact physical location of generated traps during
PBTI stress in HKMG n-MOSFETs as probed by SILC; some report suggests it is
at the IL/High-K interface [56], while other suggests it is deeper inside the High-K
bulk [41]. Although the exact location of traps is an important aspect especially
from the viewpoint of TDDB process, the type of generated traps probed by SILC
has been found to have much smaller impact on PBTI degradation when compared
to the impact of generated traps probed by the DCIV method [17], and will be
discussed later in Chap. 4.
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3.5.1 DCIV Measurements in DC Stress

Figure 3.12 plots the time evolution of generated interface traps (ANyr.yk) during
PBTI stress at different Vg grr and stress 7 in HKMG n-MOSFETs with
(a) non-nitrided (D2) and (b) N surface passivated (D4) IL. As mentioned before,
ANjr_yi is extracted from DCIV measurements after delay and band gap correction.
The delay correction of DCIV is straightforward and the method used for NBTI can
be used. However, the band gap correction is not obvious, as DCIV probes traps at
or near the IL/High-K interface for PBTI stress, and the exact energetic extent of
trap generation is yet unknown. For simplicity, a similar correction factor as used
for NBTI stress is also assumed for PBTI stress in different HKMG devices.

Only longer time data are plotted, and measured ANtk increases with increase
in Vg_str and T as expected. However unlike NBTI, the AN;r.zx magnitude reduces
significantly for the nitrided device D4 when compared to the non-nitrided device
D2 at identical Vg.gtr and T. This happens in spite of higher Egx for device D4 due
to lower EOT, Egx being calculated as (Vg.str — V1o)/EOT, and hence is attributed
to presence of N in the gate insulator stack. Similar to NBTI, time evolution of
ANyr_yk for PBTI stress shows power-law dependence with identical time exponent
(n ~ 1/6) for both devices and for different V5_str and T; the exponent n is extracted
by linear regression of measured ANtk time evolution in fgtg range of 10 s to 1
Ks. Remarkably, identical n has been obtained for both NBTI and PBTI stress as
shown. Note that similar to NBTT stress data shown earlier, the process dependence
of ANty time exponent for PBTI stress is in contrast with process dependence of
AVr time exponent shown in Chap. 1, Figs. 1.25 and 1.33. Although AVt has
power-law dependence for PBTT stress with time exponent n that is independent of
stress Eqgx and T for a particular HKMG process, the value of n reduces for nitrided
devices, unlike that seen here for ANtk data. Moreover, similar to that observed
for NBTI stress, the value of n for AN_y is always higher than n for AVt for PBTI
stress, when extracted in the same range of zgtr as shown.
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Fig. 3.12 DCIV measured time evolution of ANtk for PBTI stress at different Vg _gtr and 7T in
HKMG n-MOSFETs having different IL processes
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As a further proof of the universality of time exponent (n ~ 1/6) for PBTI stress,
time evolution of ANjt.yk is measured by using DCIV in different HKMG devices
listed in Figs. 3.2, and 3.13 plots extracted n as a function of (a) Vg.str and
(b) T after correction for measurement delay. Similar to NBTI, power-law time
dependence with universal n ~ 1/6 is also obtained for ANyr.yk during PBTI stress
at different Vg.gtr and T in devices having different HKMG gate insulator pro-
cesses. Once again, similar to NBTI results shown earlier, while a universal
n ~ 1/6 exponent is obtained for time evolution of ANtz for PBTI stress in
different HKMG devices, this is in contrast to the exponent obtained for time
evolution of AVt from UF-MSM technique; the latter shows strong gate insulator
process dependence as discussed in Chap. 1, Sect. 1.6. The similarity of time
evolution of ANyt for NBTI and ANtz for PBTI stress is a very remarkable result
and underlines the similarity of physical mechanism governing trap generation at
Si/IL and IL/High-K interfaces, and will be discussed later in this book.

Similar to NBTI results shown earlier, ANjr_gx time evolution for PBTI stress
also has power-law dependence with similar n across different stress Eqx and T as
shown. Therefore, the power-law Egx acceleration factor I'r and Arrhenius
T activation energy E5 for ANjp.yk extracted at a fixed tgtr would remain inde-
pendent of zgtr. PBTI experiments were done at three sets of stress 7, and at each 7,
three different Eqy values have been used for stress. Figure 3.14 plots (a) stress Egx
and (b) stress T dependence of ANtk obtained from DCIV measurements after
delay and band gap corrections. Measured values of ['g and E4 extracted from Eqgx
and T dependence of ANtk for PBTI stress are independent of T and Egx,
respectively. This behavior is similar to the Eqx and T dependent parameters of
AVr shown in Chap. 1, Fig. 1.27. Moreover, this observation is identical to the
NBTI results discussed before in this chapter. As mentioned before, mutually
independent Eqx and T dependencies are observed when stress and measurements
remain free from artifacts mentioned earlier in Chap. 1, Sect. 1.3.
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Fig. 3.13 Extracted long-time power-law time exponent n for different HKMG devices as a
function of a stress Vg and b stress 7, obtained using DCIV measurements during PBTI stress
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Fig. 3.14 Fixed time DCIV measured ANtk versus a stress Eqx and b stress 7 for PBTI stress
in HKMG n-MOSFETSs. Egx dependence is shown for different 7 and T dependence shown for
different Eox. Eox dependence is plotted in a log—log scale and T dependence is plotted in a
semi-log scale

Figure 3.15 plots the impact of IL thickness on (a) power-law field acceleration
factor I'g and (b) Arrhenius T activation energy E, extracted from DCIV measured
ANjt.gk data after delay and band gap corrections, obtained for PBTI stress in
different HKMG devices shown in Fig. 3.2. Reduction in IL thickness is achieved
using different RTP based thermal IL (D1, D2), post High-K nitridation (D3), and
RTP based IL on N passivated Si substrate (D4), refer to Fig. 3.2. Similar to NBTI,
I'g for PBTI reduces with EOT scaling. However unlike NBTI, only negligible
reduction in E, has been observed with EOT scaling. Similar to NBTI results
shown before, the magnitude of I'g for ANjp.yk is similar to I'g for AVy for a
particular device also for PBTI stress, while E5 for ANip.yk is always higher
compared to the corresponding value for AVry; refer to Chap. 1, Fig. 1.35 for
dependence of AV parameters on IL thickness. This aspect will be discussed later
in this chapter.
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Fig. 3.15 Power-law field acceleration factor (I'g) and Arrhenius T activation energy (E,) of
DCIV measured ANyr_yk for PBTI stress, as a function of IL thickness of different HKMG stacks
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3.5.2 DCIV Measurements in AC Stress

DCIV assessment of trap generation during AC stress is done in MSM mode similar
to DC stress, and measurements were performed before and during logarithmically
spaced stress intervals. Figure 3.16 plots time evolution of ANr.yx during AC
stress at different (a) PDC and (b) f but identical stress Eqgx and T, obtained from
DCIV measurements after delay and band gap corrections. Only long fgrr data are
plotted, and the corresponding DC data are also shown. Similar to NBTT stress as
discussed before, the DC stress bias and AC stress pulses for PBTI stress were
applied for identical #str duration, and actual duration of AC stress depends on
PDC of the applied AC pulse. Time evolution of ANjrpykx shows power-law
dependence at longer fg7gr; the exponent n extracted in fgr range of 10 s to 1 Ks is
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Fig. 3.16 DCIV measured time evolution of ANtk for AC PBTI stress at different a PDC and
b frequency; the PDC and f values used in panel a and b respectively are mentioned at the fop.
Measured long-time power-law time exponent n as a function of ¢ PDC for different devices and
d frequency. Fixed time measured ANtk versus e PDC for different V5.1 ow and f frequency
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also plotted in Fig. 3.16 as a function of (c) PDC and (d) f of the gate pulse. The DC
value is shown as reference.

Similar to NBTI stress results shown earlier, identical n (~ 1/6) is observed for
DC and AC PBTI stress at different PDC and f. Once again, similar to NBTI,
identical n of ANyp_gk time evolution for DC and AC PBTI stress is in contrast to
the observed time evolution of AVt measured using UF-MSM technique and shown
in Chap. 1, Fig. 1.31; AVy time evolution has lower n for DC compared to AC
stress. Moreover when extracted in the same fgtr range, ANit.gx shows higher
n compared to AVy for DC stress, but both ANy and AVy show identical
n (~1/6) for AC stress also for PBTI stress, which is again similar to NBTI stress
results shown before. Once again, the universality of n ~ 1/6 for ANk time
evolution during DC and AC PBTI stress suggest the robustness of the underlying
physical mechanism of interface trap generation and will be discussed later in the
book.

Figure 3.16 also plots the measured ANy gk at fixed fgrr for AC PBTI stress as
a function of (e) PDC and (f) f of the gate pulse. Once again, AC pulses having
identical pulse high but different pulse low values were used to study the PDC
dependence. AC data are normalized to the corresponding DC value at identical
tsTr. Similar to that shown earlier for NBTI, the magnitude of ANt.yx for PBTI
stress increases with increase in PDC but remains independent of the pulse low
value and f of the gate pulse. Remarkably similar AC to DC ratio and PDC
dependent shape has been observed for NBTI and PBTI stress. Moreover, although
the f independence of ANir.yx for PBTI stress is qualitatively similar to that
observed for AVr shown in Chap. 1, Fig. 1.32, ANit.gx and AVt show very
different AC to DC ratio. This observation is similar to that reported for NBTI
stress. Once again, similar to NBTI, the PDC dependence of ANyt.yx for PBTI
stress is both qualitatively and quantitatively different from the PDC dependence of
AVt shown in Chap. 1. Similar to NBTI results, ANjt.zx for PBTI also does not
have the “S” shaped PDC dependence as observed for AVry, and unlike AVry, no
“kink” or “jump” is observed for ANk data between high PDC AC and DC
stress. Moreover as mentioned earlier, ANk has very different AC to DC ratio
compared to AVr, and unlike AVr, the AC to DC ratio for ANt_yx does not depend
on the pulse low value. The PDC and f dependencies of ANr.gx and AVt for AC
PBTI stress have been found to be remarkably similar to AC NBTI stress as shown
earlier in this chapter and also in Chap. 1.

3.5.3 SILC Measurements in DC Stress

As mentioned before, increase in gate leakage current (Ig) after stress is also used to
calculate trap generation during PBTI stress [40, 41]. While DCIV scans generated
traps aligned energetically with the Si [7] mid gap, SILC scans traps closer to the
conduction band edge of High-K layer, although the exact physical location of these
traps are debated [41, 56]. I versus Vg sweeps were taken before and during
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logarithmic intervals of stress, and generated trap density (ANor.pk) is calculated
as discussed in Chap. 2 [40].

Figure 3.17 plots the time evolution of ANgr.yk calculated from SILC for
different Vg_gtr and T in (a) D2 and (b) D4 HKMG n-MOSFETs; refer to Fig. 3.2
for device details. Note that SILC in HKMG devices recovers after removal of
stress, and therefore, measured data must be corrected for measurement delay
following the methodology shown in Chap. 2. Only long tsr data are plotted;
magnitude of ANpr.pyk increases with Vg.str and T as expected, but reduces
drastically for the device D4 having N in the gate stack. Note that D4 device have
thinner EOT and would have higher Eqgx compared to device D2 for a given
Vi-str- Therefore, the reduction can be attributed to the presence of N in the gate
insulator stack. It is interesting to remark that both DCIV and SILC measurements
show reduced trap generation in nitrided devices during PBTI stress. Although the
time evolution of ANgr.yk from SILC shows power-law dependence, the time
exponent n is much larger when compared to that for DCIV measured ANtk and
UF-MSM measured AVt time evolution data shown earlier in the book.

As a further proof, Fig. 3.18 plots extracted time exponent n from ANgr.gk time
evolution measured using SILC after delay correction, versus (a) Vg.gsrr and
(b) T. As done earlier, the exponent 7 is extracted by linear regression of measured
time evolution of ANpT.yk data in gt range of 10 s to 1 Ks. Data from different
HKMG devices shown in Fig. 3.2 are plotted, and the trend line corresponding to
DCIV data is also shown as a reference.

Note that SILC data show similar n (~ 1/3) for different V5_grr and T and for
different devices, which signifies the robustness of the underlying physical mecha-
nism. However, the magnitude of time exponent n from SILC is considerably higher
than n (~ 1/6) obtained from DCIV, which unequivocally suggests different physical
mechanism of generated traps that are probed by these methods. On the other hand, a
remarkable similarity of extracted n has been observed during NBTI and PBTI stress

19 19
(a) 10 Ve sm VT (C (b) 10 Vosm (VT (C)
vL A 16130 o] 1.6/130
10 Q 169 10 Q 1619
Fa 0O 14130 P O 14130
£ 10%¢ £ 10"
£ g
5 10"k n~0.33 5 10
Z Z
< 10\6 L D2 < 1016 L
15 L oo v v it i i 10" L -
102 10" 10° 10" 10° 10> 10" 100 10*  10°
stress time (s) stress time (s)

Fig. 3.17 SILC measured time evolution of ANgt.yk for PBTI stress at different Vg _str and 7 in
HKMG n-MOSFETs having different IL processes
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Fig. 3.18 Extracted long-time power-law time exponent n for different HKMG devices as a
function of a stress Vi and b stress 7 using SILC measurements during PBTI stress. The reference
line for DCIV measurement is also shown

for DCIV measurements, refer to Figs. 3.4 and 3.13, which suggests similar gen-
eration mechanism for these traps. This will be discussed later in this book.
Figure 3.19 plots measured ANgt.pk at fixed fgtr from delay corrected SILC
data versus (a) stress Eqgx and (b) stress T, for D2 and D4 HKMG n-MOSFETs. The
magnitude of ANtk reduces for the nitrided device D4, although the power-law
Eox acceleration factor I'y and Arrhenius T activation energy E, remain inde-
pendent of HKMG processes. As ANot.gx shows power-law time dependence and
identical n across stress Eqx and 7, extracted I'g and E5 would be independent of
tstr- Note that I'y and E for ANgr.yk obtained from SILC has much larger value
when compared to ANtk from DCIV and AVt from UF-MSM measurements
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Fig. 3.19 Fixed time SILC measured ANgr.gx versus a stress Eqx and b stress T for PBTI stress
in HKMG n-MOSFETs. Egx dependence is plotted in a log—log scale and T dependence is plotted
in a semi-log scale
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shown earlier in the book. Different I'y and E, also suggest different physical
mechanism of generated traps as probed by DCIV and SILC techniques during
PBTI stress.

To understand the relative importance of different trap generation processes on
PBTI degradation, Fig. 3.20 compares extracted (a) n, (b) I'g and (c) EA for DCIV,
SILC and UF-MSM measurements, as a function of IL thickness for D1 through
D4 HKMG devices shown in Fig. 3.2. Note that ANgr.yk parameters obtained from
SILC measurements remain almost constant across IL thickness and show signifi-
cantly higher values when compared to the AVt and ANt_yx parameters obtained
respectively from UF-MSM and DCIV measurements. Between DCIV and
UF-MSM measurements, power-law time exponent n is somewhat higher for
ANyt.gk compared to AVr for all devices and n reduces with IL scaling for both AVt
and ANyr_gk; however, much larger reduction is observed for AVt for deeply scaled
IL. The power-law Egy acceleration I'g shows similar values for AV and ANk
and reduces slightly with IL scaling. Arrhenius 7 activation energy E5 for ANor.pi
remains almost constant with IL, but that for AVt and ANt gk reduces slightly with
IL scaling. It will be shown in Chap. 4 that the voltage shift corresponding to
generated bulk traps from SILC is negligible compared to that for generated interface
traps from DCIV, and it is the later that dominates PBTI degradation. Therefore, the
parameters n, ['g and E for AVt are closer to the parameters for ANtk rather than
that for ANgT.yk. Of course, additional contribution from electron trapping in
High-K bulk must be considered to compute AVr, as discussed in the following
section.
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Fig. 3.20 a Power-law time dependence n, b power-law field acceleration factor I'y and
¢ Arrhenius 7 activation energy E, obtained using UF-MSM, DCIV and SILC methods for PBTI
stress, versus IL thickness of different HKMG stacks
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3.6 Electron Trapping During PBTI

Although trap generation in the IL is negligible for PBTI stress and the generated
traps at or near the IL/High-K interface (ANjt.zk) plays a crucial role, it alone
cannot explain AVt measured using UF-MSM method. As an evidence of addi-
tional contribution from electron trapping in pre-existing, process related High-K
bulk traps (ANgr), Fig. 3.21 plots time evolution of AVt and AViryk (=¢/
Cox * ANir.pk) respectively measured using UF-MSM and DCIV techniques.
Experiments were performed in HKMG n-MOSFETs having (a) non-nitrided (D2)
and (b) N surface passivated (D4) IL, refer to Fig. 3.2; Cox is gate insulator
capacitance and q is the electronic charge. Identical Vs_str and T have been used
for both devices, and experimental DCIV data were corrected for measurement
delay and band gap differences as discussed before. Since AVit.pk signifies the
component of AVt contributed by generated interface traps at IL/High-K interface,
the difference between AVt and AVir.gk signifies the contribution due to electron
trapping in pre-existing traps, AVger (=¢/Cox * ANgr). Time evolution of AVgr is
also plotted in Fig. 3.21. Only longer #gtr data are plotted, and contribution from
AVitak dominates AVt for both devices as shown.

Similar to NBTI data, time evolution of AVir.uyk for PBTI stress shows
power-law dependence with exponent n ~ 1/6 and AVgr saturates at longer fgTg.
Therefore, time evolution of AVt (=AVir.yk + AVgr) shows power-law dependence
with lower n compared to that for AVir.yk. However contrary to NBTI, the AVip.yk
component of AVt reduces drastically for the N containing device D4 compared to
the non-nitrided device D2, while an increase is observed for the AVgr component.
Note that device D4 has lower EOT and therefore higher Eqx when compared to
device D2 at identical Vg.gtr. As AVit.uk dominates overall AVt for both D2 and
D4 devices, the magnitude of AVt and its power-law time exponent n reduce for
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Fig. 3.21 Time evolution of UF-MSM measured AVt and DCIV measured ANt_gg contribution
after measurement delay and band gap correction (AVir.pk), for PBTI stress in HKMG
n-MOSFETs having different IL processes. Extracted difference (AVgr) is also shown
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device D4 as shown. Therefore, Fig. 3.21 clearly shows that underlying ANt.zk
and ANgr components of PBTI are clearly uncorrelated; i.e., while ANtk
reduces, ANgr increases for the D4 device, which can explain the measured
reduction in AVt and n. This aspect is further discussed in detail in Chap. 4.

As an additional proof, Fig. 3.22a plots the correlation of measured AVt and
AVituk for HKMG devices D2 and D4. As mentioned before, AVt is obtained
using UF-MSM method and AVit_gk using DCIV method after delay and band gap
corrections. The 1:1 correlation line corresponding to zero electron trapping con-
tribution is also plotted. Note that for a particular AVir_gg, D2 device shows slightly
higher AVt than the 1:1 correlation line. However, much larger AV is observed for
device D4, which is consistent with relatively larger ANgr contribution for device
D4 having N in the gate insulator stack. Larger magnitude of electron trapping
during NBTI stress in gate insulators containing N has been analyzed using DFT
simulations; refer to [17] for additional details.

Similar to hole trapping in NBTI, electron trapping during PBTI also occurs in
pre-existing, process related gate insulator traps; while the hole traps are located in
IL, electron traps are located in the High-K layer. As done in p-MOSFETs, flicker
noise method can also be used to access the density of High-K electron traps in
n-MOSFETs. Figure 3.22b shows measured pre-existing trap density in devices D2
and D4. Note that the nitrided device D4 shows higher trap density, which is
consistent with higher ANgr contribution shown in Figs. 3.21 and 3.22a, and is also
consistent with DFT simulation results [17].

Similar to NBTI stress, time evolution of AVt and ANjr.yk during PBTI stress
has been measured respectively using UF-MSM and DCIV methods for three sets
of stress T, and for each T, three different stress Eqgx have been used. The Eqx and
T dependencies of AVry at fixed fgr are shown in Chap. 1, Fig. 1.27, and the same
for ANyt are shown earlier in Fig. 3.13. Measured AV, AVit.yk and their difference
AVgr at a particular zgr for the HKMG device D4 is plotted versus stress Eqgx at a
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Fig. 3.22 a Correlation of UF-MSM measured AVt and DCIV measured AV yk for PBTI stress,
and b pre-stress trap density measured by using flicker noise method, in HKMG n-MOSFETs
having different HKMG gate insulator processes
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Fig. 3.23 a Fixed time UF-MSM measured AVy, DCIV measured AVt and their difference
(AVEgr) versus PBTI stress Egx plotted in a log—log scale. b Extracted power-law field acceleration
factor for AV, AVir and AVgr as a function of stress T'

particular stress T in Fig. 3.23a, and also plotted versus stress T for a fixed stress
Eox in Fig. 3.24a. Note that AVir_yk subcomponent dominates overall AV for all
Eox and T, even for this particular device having N in the gate insulator stack.
Moreover, identical power-law Eqgx dependence I'g is obtained for AVy, AVir.pk
and therefore for AVgr. However, AVer shows much lower Arrhenius 7T activation
energy E compared to AVt and AVit_gk. Note that the relative values of I'g and E4
for AVr, AVit.gx and AVgr for PBTI stress are similar to that observed for NBTI
stress data shown earlier in this chapter.

As shown before, AVt and ANjt.gx have power-law time dependence with
identical n across different Eqx and 7, although higher n has been observed for
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Fig. 3.24 a Fixed time UF-MSM measured AVy, DCIV measured AVir.yk and their difference
(AVgr) versus PBTI stress T plotted in a semi-log scale. b Extracted T activation energy for AVy,
AVyr and AVgr as a function of stress Egx
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ANyt compared to AVt data. Therefore, extracted I'g and E for AVr, AVitak
and therefore for AVgr would be independent of the value of 51 used for extracting
Eox and T dependence. Extracted I'g for AVt and underlying AVirgk and AVgr
subcomponents are plotted versus 7 in Fig. 3.23b, while their corresponding E
values are plotted versus Egx in Fig. 3.24b. Note that in the absence of different
extraneous artifacts mentioned in Chap. 1, Sect. 1.3, I'g and E 5 for AV and ANtk
(or AVit.zk) are shown to be independent of T and Egx, respectively. Therefore, I'g
and E, of extracted ANgt (or AVgt) also show the same behavior as shown. These
features of PBTI stress are exactly identical to NBTI, and similar mutually uncou-
pled I'g and E4 has been observed for other devices, not plotted here for brevity.

3.7 Location of Generated Traps (DCIV Measurements)

As discussed earlier in this chapter, although hole and electron trapping cannot be
ignored respectively for NBTI and PBTI stress, trap generation plays the dominant
role. DCIV technique has been used to access trap generation during BTI stress, and
the resulting data show very similar time, bias and temperature dependence for
NBTI and PBTI stress in different HKMG devices. This suggests very similar
underlying physical mechanism of DCIV accessed trap generation for NBTI and
PBTI. SILC is not observed for NBTI due to band alignment issues but is present
for PBTI stress; although the magnitude of generated bulk traps that are responsible
for SILC has been found to be smaller compared to that probed by DCIV, refer to
Chap. 4 for details. DCIV accessed trap generation during NBTI and PBTI has been
attributed to Si/IL and IL/High-K interfaces respectively by noting the presence or
absence of degradation in g,,. Trap generation in the IL in any significant quantity is
ruled out for PBTI stress due to the absence of Ag,,, while the presence of Ag,,
suggests trap generation in IL for NBTI stress. The similarities of DCIV measured
trap generation during NBTI and PBTI stress have been shown before, which
suggests similarity of underlying physical mechanism. In this section, experimental
proof is provided to bring out their differences, which will ascertain the difference in
physical location. All DCIV data shown in this section are corrected for delay and
band gap using the procedure described in Chap. 2.

Figure 3.25 plots the Eqx dependence of generated traps obtained at fixed fstr
for (a) NBTI and (b) PBTI stress in HKMG devices having relatively thicker (D1)
and thinner (D2) IL, refer to Fig. 3.2. IL thickness has no impact for NBTI stress
since generated traps are at the Si/IL interface. However, magnitude of generated
traps increases for thinner IL device for PBTI stress. As discussed in Chap. 5, trap
generation for NBTI stress in p-MOSFETS is caused due to tunneling of inversion
layer holes into the Si—H bonds at Si/IL interface, and therefore, the magnitude is
independent of IL thickness. However, trap generation at or near the IL/High-K
interface for PBTI stress in n-MOSFETSs occurs due to tunneling of inversion layer
electrons, which increases with reduction in IL thickness, and therefore causes
higher trap generation magnitude for thinner IL devices as shown.


http://dx.doi.org/10.1007/978-81-322-2508-9_1
http://dx.doi.org/10.1007/978-81-322-2508-9_4
http://dx.doi.org/10.1007/978-81-322-2508-9_2
http://dx.doi.org/10.1007/978-81-322-2508-9_5

3 Physical Mechanism of BTI Degradation ...

[ O DIGAIL) O D2BAIL)]

119

10" ¢ 131
@™ BT ()10 ppTy
“.'g \g/
2 < 0t
Z =
: z
1011 PR BT PRUTTTT FTTTI 1 ! ! ! !
4 6 9 12 15 1074 6 9 12 15
E ((MV/cm) E (MV/cm)

Fig. 3.25 DCIV measured trap generation versus Eqgx for a NBTI and b PBTI stress in HKMG
MOSFETs having different IL thickness

Figure 3.26 plots the Eqx dependence of generated traps obtained at fixed tstr
for (a) NBTI and (b) PBTI stress in HKMG devices without (D2) and with (D3)
post High-K nitridation using the DPN process, refer to Fig. 3.2. Nitridation impact
is negligible for NBTI stress, but trap generation reduces significantly for device D3
for PBTI stress. Since N incorporation is done after High-K deposition, higher N
density is expected in the High-K compared to the IL layer, especially for denser
thermal IL used in this study that show much lower N penetration, refer to [51] for
additional evidence from Angle Resolved X-ray Photoelectron Spectroscopy
measurements. Therefore, post High-K nitridation has larger impact on generated
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Fig. 3.26 DCIV measured trap generation versus Egx for a NBTI and b PBTI stress in HKMG
MOSFETs without and with nitridation after High-K deposition
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traps at or near the IL/High-K interface for PBTI stress compared to that at Si/IL
interface for NBTI stress. The exact physical mechanism responsible for reduction
in trap generation for nitrided gate stacks is not known and need further study.

Figure 3.27 plots the Egx dependence of generated traps obtained at fixed fgTr
for (a) NBTT and (b) PBTI stress in HKMG devices D5 through D7 having different
pre-cleans before IL growth and High-K deposition, refer to Fig. 3.2. Devices D5
and D6 have similar pre-clean before IL but different pre-clean before High-K and
hence similar IL but different High-K quality. On the other hand, devices D6 and
D7 have different pre-clean before IL but similar pre-clean before High-K and
hence different IL but similar High-K quality. Therefore, trap generation at Si/IL
interface for NBTI stress in p-MOSFETs is similar for D5 and D6 but different for
D6 and D7 devices, while trap generation at or near the IL/High-K interface for
PBTI stress in n-MOSFETs is different for D5 and D6 and similar for D6 and D7
devices as shown.

Although DCIV assessed generated traps for NBTI and PBTI have similar time
dynamics and Egx and T dependence, they have very different HKMG process
dependence as shown in Figs. 3.25, 3.26 and 3.27 that clearly verifies the difference
in physical location of these generated traps. As a further evidence, Fig. 3.28
correlates g, degradation to generated trap density measured using DCIV for NBTI
and PBTI stress. Note that NBTI shows higher Ag,, for a particular trap density
when compared to PBTI stress. Since Ag,, is due to mobility degradation resulting
from Coulomb scattering by BTI charges and as trap generation dominates both
NBTI and PBTI degradation, higher Ag,, is caused by trap generation at Si/IL
interface for NBTI than that at IL/High-K interface for PBTIL.

Therefore, although DCIV measured traps during NBTI and PBTI stress
respectively in p- and n-channel HKMG MOSFETs show very similar kinetics,
they have very different physical location as discussed above.
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Fig. 3.27 DCIV measured trap generation versus Eox for a NBTI and b PBTI stress in HKMG
MOSFETs having different pre-clean processes before IL growth and High-K deposition. Refer to
Fig. 3.2 for details
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3.8 Summary

To summarize, the underlying subcomponents of NBTI and PBTI degradation in p-
and n-channel HKMG MOSFETs respectively have been analyzed using different
direct characterization techniques. MOSFETs having different HKMG gate insu-
lator processes have been studied. Process related pre-existing hole and electron
traps respectively in the IL and High-K layers is accessed using flicker noise. The
generation of traps during NBTT is studied using DCIV method, while that during
PBTI stress using DCIV and SILC methods. The relative contribution of trapping
and trap generation on BTI degradation has been accessed. Although hole trapping
in IL for NBTI and electron trapping in High-K for PBTI contribute, it is observed
that trap generation dominates NBTI and PBTI degradation for different HKMG
gate insulator processes.

DCIV measures trap generation at Si/IL interface during NBTI and at or near
IL/High-K interface during PBTI, refer to Fig. 3.1. Energetically, these traps are
aligned to ~0.3 eV around the Si band gap as shown in Chap. 2. Although
locations of DCIV accessed generated traps are different, at Si/IL interface for
NBTI and at or near IL/High-K interface for PBTI, they show very similar time,
bias, temperature, AC duty cycle, and frequency dependence between NBTI and
PBTI stress, suggesting strong universality of the underlying physical process.
SILC measures trap generation energetically located closer to the HfO, conduction
band, however, the exact physical location of these traps are still debated.
Nevertheless for PBTI stress, SILC accessed generated traps show very different
time, temperature, and bias dependence compared to that measured by DCIV and
suggests very different underlying physical mechanism. SILC accessed traps have
been found to have negligible role in PBTI degradation.

The following observations can be made between trap generation measured
using DCIV, hole or electron trapping, and UF-MSM measured threshold voltage
degradation for both NBTI and PBTI stress:


http://dx.doi.org/10.1007/978-81-322-2508-9_2

122

(@)

(b)

©

(d)

(e)

S. Mukhopadhyay and S. Mahapatra

Contribution from generated interface traps, AVir for NBTI or AVit.pk for
PBTI, shows power-law time dependence at long stress time and universal
exponent n ~ 1/6 for DC stress at different Eqx and T, for AC stress at
different f and PDC, and for different HKMG processes. Since the trapping
component, AVt for NBTI or AVgr for PBTI, saturates at long time (n ~ 0),
the relative magnitude of trap generation and trapping determines the time
exponent (n < 1/6) of overall AVy. Trap generation and trapping are com-
pletely uncorrelated to each other.

Incorporation of N in the gate insulator has minimal impact on AV;r for NBTI
but significantly reduces AVip.yx for PBTI stress, while N increases both
AVyr and AVt for NBTI and PBTI stress, respectively. This unequivocally
indicates that the trap generation and trapping subcomponents are mutually
uncorrelated. Although AVt and AVit.yk dominate NBTI and PBTI respec-
tively, a relatively larger AVt or AVgr contribution results in reduction in
n for overall AVr in HKMG devices containing N in the gate stack.

The power-law Egy acceleration factor I'g has been found to be identical for
AVir and AVyr (or for AVir.ux and AVgr) and therefore for AVt for all
HKMG processes, although I'g reduces for devices containing N in the gate
stack or with reduction in IL thickness.

The Arrhenius T activation energy E, is larger for AVt (or AVir.yk) com-
pared to AVyt (or AVEg). Therefore, the relative magnitude of trap generation
and trapping determines E, for overall AVy. HKMG processes having rela-
tively larger trapping subcomponent show lower E4 for AVt and vice versa.
For AC stress, AVir (or AVir.gk) remains independent of f but increases with
increase in PDC of the gate pulse. However, the AC/DC ratio and PDC
dependent shape for AVit (or AVr.yk) is very different from that for AV, and
will be explained later in the book.
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Chapter 4

Physical Mechanism of BTI
Degradation—Modeling of Process
and Material Dependence

Souvik Mahapatra, Kaustubh Joshi, Subhadeep Mukhopadhyay,
Ankush Chaudhary and Nilesh Goel

Abstract This chapter proposes compact models to predict NBTI and PBTI deg-
radation in p- and n-channel MOSFETs, respectively. Models are based on the
physics of BTI degradation discussed in Chap. 3. Compact NBTI model has been
verified against measurements in different SION and HKMG gate insulator
process-based planar Si devices, planar HKMG devices having SiGe channel
without and with Si cap, and Si channel based HKMG FinFETs. The model can
predict degradation in such wide variety of devices with a maximum of five, but in
most cases just three, device dependent adjustable parameters. PBTI compact model
has been verified to predict degradation in different HKMG gate insulator
process-based planar Si devices with six device dependent parameters. Models for
both NBTI and PBTT have three underlying subcomponents related to interface and
bulk trap generation and charge trapping, overall degradation being the uncorrelated
sum of these subcomponents. All subcomponents are independently verified using
different measurement techniques, such as CP, DCIV, SILC, and flicker noise,
discussed in Chap. 2.

4.1 Introduction

It has been discussed in Chap. 1 that Negative Bias Temperature Instability (NBTI)
and Positive Bias Temperature Instability (PBTI) are well-known reliability issues
respectively for p- and n-channel Metal Oxide Semiconductor Field Effect
Transistors (MOSFETs) . NBTI has become an important issue as the industry
migrated from conventional Silicon Dioxide (SiO,) to Silicon Oxynitride (SiON)
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gate insulator technology, and continues to remain as a concern for state-of-the-art
High K Metal Gate (HKMG) planar and FinFET technologies. PBTI was never a
serious concern for SiO, and SION MOSFETSs and only became important with the
advent of HKMG technology, although PBTI is now perceived to be less of a
concern for FinFET devices for sub 22 nm technology nodes. Refer to Chap. 1 for a
brief overview of NBTI and PBTI degradation across different technology nodes.

It is now well known that BTI degradation is strongly impacted by the gate
insulator process, as discussed in Chaps. 1 and 3 and also in this chapter. Therefore,
process optimization is an important exercise to develop BTI resistant technologies.
Note that BTT measurements are usually performed at accelerated stress conditions
for short time, and it is important to develop suitable models to calculate the
degradation at end-of-life (EOL) under normal operating condition. This is the
primary objective of a reliability model from the perspective of technology quali-
fication. It is important to note that a good model for any reliability phenomenon
must have the following characteristics:

(a) It should adhere to the physics of the degradation mechanism.

(b) It should be able to predict degradation for differently processed devices.

(c) It should contain least possible fitting parameters so as to keep the model
compact and simple to implement.

(d) It should be able to predict EOL degradation at use conditions to determine
reliable operating lifetime.

Various models have been proposed over the years to explain the mechanism of
NBTI and PBTI degradation respectively in p- and n-channel MOSFETsS, and are
briefly reviewed in Chap. 3. Note that there exist strong experimental evidences of
interface trap generation (ANyt) during NBTI stress, obtained from different inde-
pendent measurement methods such as Charge Pumping (CP) [1-5], Gated Diode
(DCIV) [5-13] and Low Voltage Stress Induced Leakage Current (LV-SILC) [7,
14], refer to Chaps. 2 and 3 for further details. However in spite of such irrefutable
evidences, some authors have proposed hole trapping in pre-existing traps (ANyr)
as the sole NBTI physical mechanism [15-17], which is definitely not true.
However, note that although trap generation is the dominant physical mechanism
and is primarily responsible for EOL degradation for well-optimized devices and
circuits [18], the contribution due to hole trapping should also be considered
especially to model short-time degradation measured using ultra-fast methods [4,
10, 11, 12]. It is now well accepted that threshold voltage shift (AVr) during NBTI
stress is due to both AN}t and ANyr; although some authors have suggested strong
coupling between the two [19], most evidences suggest they are mutually uncor-
related [1, 2, 4, 5, 10, 11, 12, 20, 21, 22], which will be discussed in detail and
verified later in this chapter. In addition to ANy and ANy, contribution from
TDDB like bulk trap generation (ANgt) can also impact AVt especially in thick
gate insulators and high stress voltage (Vg.str) [5, 23], and is also discussed later in
this chapter. Different physical models for NBTI have been recently reviewed; refer
to [10] for details.
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Figure 4.1 illustrates different uncorrelated components that contribute to NBTI
degradation in HKMG p-MOSFETs having SiO, or SiON interlayer (IL) and
Hafnium Oxide (HfO,) High-K layer [10], refer to Chap. 3 for details. Note that
NBTI results in charging of the IL, primarily due to ANyr at the channel and IL
interface and also due to ANyt in IL bulk . As discussed in detail in Chap. 2, CP
and DCIV techniques can be used to independently estimate ANyt. Flicker noise can
be used to estimate pre-existing defects that give rise to ANgr. Although ANt can
be appreciable for thicker SiO, and SiON devices especially at higher Vi grr and
can be independently estimated using conventional SILC as discussed in Chap. 2, it
has relatively lower contribution in HKMG devices as shown later in this chapter
[5, 10]. It is important to note that SILC is usually not observed for NBTI stress in
HKMG p-MOSFETs due to band alignment issues [24], refer to Chap. 2, Fig. 2.33
for details.

As discussed in Chap. 1, a crucial difference between NBTI and PBTI is pres-
ence of transconductance degradation (Ag,,) for the former and its absence for the
later, especially for well-optimized HKMG devices [25]. Historically, PBTI deg-
radation has been assumed to be dominated by electron trapping (ANgr) in High-K
layer for early non-optimized gate insulator processes [26, 27]. Although electron
trapping reduces with HKMG process improvement [25] and reduction in High-K
layer thickness [28], some authors still propose ANgt to be the sole contributor to
AVy [29], ignoring strong evidence of trap generation measured using independent
methods such as SILC and DCIV [30-34]. In the past, PBTI has been correlated to
trap generation measured using conventional SILC technique [30, 31]. However, it
has been recently shown that stress time (fstr), temperature (7) and Vg.str
dependence of PBTI AVy closely resembles the dependence of trap generation
measured using DCIV and not SILC [13, 34], thereby suggesting the former to be
primarily responsible for PBTI degradation in scaled and optimized HKMG stacks.
As also illustrated in Fig. 4.1, it has been shown that PBTI degradation is due to
uncorrelated contribution from trap generation at the interface between IL and

NBTI PBTI TGzt HK bk

MG TP in HK bulk MG /
TG at SIL — AN 74— TGatILHK
interface TP inIL N\ HK /’interface

IL IL

-/oooooooooo\ eecccecee|
Gate length Gate len eth
n-type Si substrate p-type Si substrate

Fig. 4.1 Schematic of p- and n-channel HKMG MOSFETs showing different trap generation
(TG) and trapping (TP) processes under NBTI and PBTI stress
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High-K layers (ANit.px) and in High-K bulk (ANot.xk), together with ANgt in
pre-existing bulk High-K defects [32-34], refer to Chap. 3 for further details.

In this chapter, compact models are developed for NBTI and PBTI degradation
and validated respectively in differently processed SION and HKMG p-MOSFETs
and HKMG n-MOSFETs. The models are based on physical mechanism of BTI as
discussed above and therefore have uncorrelated trap generation and trapping
subcomponents, which are independently verified by different measurement
methods. The impact of gate insulator processes on model parameters and under-
lying subcomponents are discussed in detail, which helps explain the material and
process dependence of BTI degradation. The methodology developed in this
chapter can be used to predict process impact of EOL degradation, which in-turn
can be used to develop suitable gate insulator processes for BTI resistant
technologies.

4.2 Compact Model and Device Description
4.2.1 NBTI Model

Table 4.1 lists the compact model to predict NBTI degradation at long tstr values
of ~seconds and higher. The model is based on results from NBTI studies that are
summarized in Fig. 4.1. According to the model, at any given stress time ¢ = fgTR,
overall NBTI threshold voltage shift AVy (7) is the uncorrelated sum of the fol-
lowing independent subcomponents [10, 32]:

(a) Interface trap generation, AVir(f) = g - AN1(t)/Cox at device channel and IL
interface.

(b) Hole trapping, AVur(f) = g - ANy1(f)/Cox in pre-existing, process related IL
bulk traps.

¢) Trap generation in IL bulk, AVqor (f) = ¢ - ANot(t)/Cox.

In the above expressions, g is the electronic charge and Cpx is oxide capaci-
tance. Note that although the physical location of ANyt and ANt are in the IL
bulk, an effective interfacial density is assumed in the proposed model to calculate
their respective contribution to overall AVy. Also note that the model is equally
applicable for both SiON and HKMG devices; the degradation will happen at the
channel/SiON interface and SiON bulk for conventional SiON devices [10].

The interface trap generation component ANyt is explained by the well-known
Reaction Diffusion or RD model [10], refer to Chap. 5 for details. The model states
that inversion layer holes tunnel into and subsequently break Si—H bonds' at the

"Note that RD model does not specify the exact type of bonds broken during NBTI stress. It
assumes that there exists H passivated defects (X—H) at (or near) the Si channel and oxide interface
that get broken during stress. The broken bonds (X—) show up as interface traps.
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Table 4.1 NBTI compact model and fixed and device dependent model parameters

Interface trap generation Hole trapping Bulk trap generation

EanT

ANyt = AEOXer'TEOX e_%tl/(’ ANyt = BEOXerHTEOXC_? ANor = C(l - ei(t/w)ﬁm)

Earr = 2 (Eaxr — Eaxr) + 2222

Eror

I
w = V](VG — VT() — AVT)_ﬁCkTBOT

Eox = (Vg-str — V1o — AVr)/EOT
AVT = Ciox * (ANIT -+ ANHT + ANOT)

A, B, C, T'ir(=I'ur) and Eakr are variable across devices

Fixed parameters
Eaxkr =02 eV Eanr = 0.052eV Enor = 0.16eV; for = 0.33
Eapm = 02 eV Tor = 10; =5 x 102

Fixed parameters are constant across different type of SiON and HKMG gate insulator stacks, and
different channel type and orientation of devices used in this study

MOSFET channel and IL interface to generate Nyr. The broken Si—H bonds release
hydrogen (H) atoms that eventually diffuse away as molecular hydrogen (H,)
species; the diffusion of molecular H, determines long-time kinetics of Ny gen-
eration. To achieve compactness, only the long-time solution of ANy is modeled as
per RD model, which predicts power-law time dependence with time exponent
(n) of 1/6. This assumption is consistent with measurement data shown in Chap. 3
and is also validated later in this chapter. AN}t depends on the oxide field (Eqgx) as
Eox * exp - (It - Eox) with field acceleration factor I'yr, the linear and exponential
terms representing inversion hole density and its tunneling, respectively. Arrhenius
T activation is used with energy E,r, and A is a process dependent pre-factor.
Although it is suffice to model the T activation with Ex;p as model parameter, the
overall T activation is further divided using T activation corresponding to Si—H
bond breaking (Eaxg) and passivation (Eaxr) and molecular H, diffusion (Espg»),
to keep it closer to the actual physical mechanism; refer to Chaps. 5 and 6 for
further details.

Note that the oxide field Eqx is calculated as (Vg.gtr — Vro — AVT)/EOT, where
EOT is equivalent oxide thickness. Of particular interest is the appearance of AVt in
the expression, which is included to account for Egx reduction effect at higher
degradation. Although the insertion of this term makes the expression less compact,
since AVt needs to be calculated using iterative approach, this is a very important
effect that governs the time exponent n at long tsg, especially for situations where
AVr is appreciably high. Since AVt has exponential Eqy dependence, reduction in
Eox at longer tstr would cause a soft-saturation effect and as a consequence result
in relatively lower n than expected. This aspect is also discussed in Chap. 1, and is
used for both NBTI and PBTI compact model. It is also used in the composite
modeling framework discussed in Chap. 6.

The hole-trapping component (ANyr) in pre-existing traps can be calculated by
the Two-Energy Well (2EW) model [11, 35], which predicts trapping saturation at
long t5tgr. Since the compact model is used for long 7gtg, a fixed AVyt is used with
process dependent pre-factor B, field acceleration parameter 'yt and Arrhenius
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T activation Eagr. Note that hole trapping is presumed to be having weaker
T activation compared to trap generation, which will be validated in this chapter.
However, identical field acceleration is used for trap generation and trapping
[10, 36].

The third component is generation of new bulk traps, ANgt, which is negligible
for HKMG devices unless very high Vg_gtr is used. However, it is appreciable for
thicker SiO, and SiON devices and when stressed at high V5_str. Time evolution of
ANgr has a stretched exponential form based on theory for bulk trap generation
[37], with Arrhenius temperature activation Epor and power-law voltage acceler-
ation factor I'gt [5]. Note that unlike ANt that is dependent on oxide field, ANgr is
dependent on gate bias, the latter having much stronger bias dependence than the
former [5, 23]. This component has a process dependent pre-factor C.

The pre-factors A, B, and C, field acceleration factor I';r and temperature acti-
vation for interface trap generation component Ert, through variation in E5gp, are
process dependent and are used as fitting parameters to predict degradation in
different SiON and HKMG p-MOSFETs. Identical values are used for I'it and I'yr,
so I'yr is not an independent parameter. All other parameters are constant and are
shown in Table 4.1. Although the model in general has five free parameters, only
four are needed for HKMG devices since ANgr is negligible. Moreover, it will be
shown that Esxr remains almost constant unless IL process is drastically changed.
Therefore, most HKMG devices can be successfully modeled with only three
process dependent free parameters. Finally, CP and DCIV techniques have been
used to independently estimate trap generation in SiON and HKMG devices
respectively, while flicker noise is used to estimate pre-stress process related defects
[10, 13, 33]. The compact model subcomponents are verified against these inde-
pendent estimates to ascertain their correctness.

4.2.2 PBTI Model

A compact model to predict PBTI degradation is also developed along the same
lines of NBTI model. This model is based on physical mechanism of PBTI sum-
marized in Fig. 4.1. According to the model, overall PBTI degradation AVy(r) at a
time ¢ = fgR is the sum of the following uncorrelated components [32-34]:

(a) Interface trap generation, AVir.yk(f) = g - ANk (9)/Cox, at the interface
between IL and High-K layers.

(b) Electron trapping, AVer(f) = g - ANg1(t)/Cox in pre-existing process related
High-K bulk traps.

(c) Bulk trap generation in High-K layer, AVor.pk(?) = ¢ © ANo1.uk(®)/Cox-

In the above expressions, g is the electronic charge and Cpx is oxide capaci-
tance. Note that PBTI stress in optimized HKMG devices does not result in
charging of the IL layer, which is evident from negligible Ag,, [25]. It is important
to remark that although the physical location of defects are at the IL/High-K
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interface and High-K bulk, for modeling purpose, an effective density is assumed at
the channel/IL interface to compute their contribution to overall AVr.

As shown in Chap. 3, trap generation measured using DCIV for NBTI and PBTI
stress respectively in p- and n-channel HKMG MOSFETSs demonstrates remarkably
similar stress and recovery kinetics [13]. Therefore, interface generation component
(AN11.5K) under PBTI stress can also be modeled using the RD framework.
Since IL degradation is negligible for PBTT stress, it is presumed that H passivated
defects at the IL/High-K interface are broken by tunneling of inversion layer
electrons , and released H atoms eventually diffuse as molecular H, species
resulting in power-law time evolution of ANtk at long rgtr With exponent n of
1/6. The electron trapping component ANgr is assumed to saturate at long fgTR,
which is similar to the ANyt component for NBTI stress; this assumption will be
validated later in this chapter. Both interface trap generation and electron trapping
are assumed to be field dependent phenomena and similar expressions have been
used for NBTI and PBTI stress. However unlike NBTI, the field acceleration factor
for interface trap generation (I'rt_gk) is not equal to that for electron trapping (I'g).
Both components have Arrhenius 7T activation, and once again, the T activation of
electron trapping (Eagt) is assumed to be weaker than T activation for trap gen-
eration (Earr.pk), Which will also be validated later in this chapter. Finally, the time
evolution of bulk trap generation component (ANot.pk) uses a stretched expo-
nential form, has Arrhenius T activation (Epot.ar) and power-law Vg_grr depen-
dence (I'ot.ak) [31]. Although the bulk trap generation component has been found
to be non-negligible for PBTI stress, however, due to stronger voltage acceleration
factor its contribution becomes minimal at use condition.

The pre-factors for interface trap generation (A), electron trapping (B) and bulk
trap generation (C), as well as ['ir.yk, Tt and Earr.pk are used as fitting param-
eters across different HKMG processes. All other parameters are kept constant for
different processes and are listed in Table 4.2. Trap generation at IL/High-K

Table 4.2 PBTI compact model and fixed and device dependent model parameters

Interface trap generation Hole trapping Bulk trap generation
AN = AEgxelmikox =2 /6 ANgr = BEgyemrEos =" ANor_pg = C(1 — e~ (/Mor )

_ _ _  Baord
Eox = (Vg-str — V1o — AVr)/EOT W= (Ve — Vio— AVT)’Hekfzévll:K

AVy = gL (ANr—nk + ANgr + ANor-pik )

A, B, C, I'ir_pk, I'er and Ezpr_px are variable across devices

Fixed parameters

Ex_gr = 0.052¢eV Epor—nk = 0.32eV; Bor = 0.35
Tor = 10; 7 =5 x 1012

Fixed parameters are constant across different type of HKMG devices used in this study
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interface is independently estimated using DCIV method [13], SILC is used to
estimate trap generation in High-K bulk [30]. Flicker noise is used to estimate
pre-existing bulk High-K trap density for different gate insulator processes [33].
The compact model components are verified against these independently estimated
quantities to ascertain their correctness.

4.2.3 Process Dependence

Both NBTI and PBTI degradation are known to be extremely sensitive to the
variations in gate insulator processes. The compact models are validated against
large variety of SiON and HKMG MOSFETs, and the process impact on the
underlying trap generation and trapping subcomponents is accessed. SION devices
were fabricated using Decoupled Plasma Nitridation (DPN) technique with peak
Nitrogen (N) concentration away from Si/SiON interface [38]. All devices were
subjected to proper two-step Post Nitridation Anneal (PNA) [39]. Devices with
varying base oxide thickness and Nitrogen dosage were fabricated and are listed in
Table 4.3; refer to Chap. 1 for additional details. NBTI degradation in SiON
p-MOSFETs was measured using the On-The-Fly (OTF) technique with different
time-zero (fy) delay; measured data are suitably corrected for mobility degradation,
refer to Chap. 2 for details. As mentioned before, PBTI degradation is not important
for SiON devices and hence not studied.

Planar p- and n-channel MOSFETSs with Silicon (Si) channel and having dif-
ferent HKMG gate insulator processes have been used to study and validate NBTI
and PBTI compact models; device details are listed in Table 4.4. A gate first
integration has been used; HKMG gate insulator stacks were fabricated using a
novel cluster tool, which includes IL growth and Atomic Layer Deposition (ALD)
technique based High-K deposition processes in a controlled vacuum environment
to achieve Equivalent Oxide Thickness (EOT) down to 6 A [33], see Chap. 3,
Fig. 3.2 for additional details. IL was grown using a low temperature Rapid
Thermal Process (RTP) and was followed by ALD HfO, deposition without any air
break between the two processes. Devices with IL thickness having 5 and 3 A were
fabricated and are referred to as devices D1 and D2, respectively. To study the

Table 4.3 Details of SiON p-MOSFETSs for NBTI measurements and analysis

Device no. Type | Base oxide PNO N dose Txps (A) | EOT (A) % N
thickness (A) (><1015 cmfz)

W1 PNO 15 2.8 18.5 14.0 23

W4 PNO 20 6.8 24.4 14.6 43

W8 PNO 25 3.1 28.1 23.5 17

W9 PNO 25 5.5 28.5 214 29

W10 PNO 25 6.8 28.9 19.9 36

Refer to Chap. 1, Table 1.1 for additional information
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Table 4.4 Details of HKMG p- and n-MOSFETs for NBTI and PBTI measurements and analysis

Device IL thickness High-K thickness Remarks

no. A) A)

D1 5 23 Low-T RTP

D2 3 23 Low-T RTP

D3 2.5 23 Low-T RTP, PHKN after high-K
deposition

D4 1.5 23 Low-T RTP in N Ambient

Refer to Chap. 3, Fig. 3.2 for additional information

impact of Nitrogen, post High-K nitridation (PHKN) was performed on the 3 A
device by using DPN followed by PNA, these devices are referred to as D3.
Extreme scaling of the IL (less than 2 A) was achieved by performing RTP in
Nitrogen environment followed by ALD High-K deposition; resulting devices
labeled as D4. Ultra-Fast Measure-Stress-Measure (MSM) technique was used to
measure BTI degradation in these devices, refer to Chaps. 1 and 2 for additional
details.

NBTI compact model is also used to study planar HKMG p-MOSFETs having
Silicon Germanium (SiGe) channel, with [40] and without [41] Si cap. The device
details are shown in Table 4.5. Si capped devices have different Si cap thickness,
SiGe composition and SiGe quantum well thickness, while non Si capped devices
have different SiGe composition, refer to [40, 41] for further details. Finally, the
NBTI compact model is also verified on FinFETs having Replacement Metal Gate

Table 4.5 Details of SiGe channel based HKMG p-MOSFETs for NBTI measurements and
analysis

Device Ge % SiGe Si cap Tinv
no. thickness thickness (nm)
(nm) (nm)

SG1 0 0 0 1.55 Metal Gate
SG2 45 7 1.3 14
SG3 55 3 1.3 1.4
SG4 55 5 0.65 1.28
SG5 55 5 1 1.32
SG6 55 5 1.3 1.4
SG7 55 5 2 1.59
SG8 55 7 1.3 14
SG9 0 0 0 1.23
SG10 20 7.5 0 1.29
SG11 25 7.5 0 1.33
SG12 35 7.5 0 1.51

SG1 to SG8 data from [40], SG9 to SG12 data from [41]. The devices consist of the following
layers: Si/SiGe/Si cap (optional)/IL /High-K/Metal Gate as shown
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(RMG) based HKMG process [42]. One Spot Drop Down (OSDD) technique with
sense bias (Vg.sns) close to pre-stress V(Vrg) has been used (unless stated other-
wise) to measure NBTI degradation in these devices, refer to Chap. 2 for details.

4.3 NBTI Process Dependence in SiON p-MOSFETSs

Figure 4.2a through c¢ show time evolution of threshold voltage shift AVt at a
particular stress voltage V5_str and temperature 7 in SiON devices having different
Nitrogen concentration (N%) and high EOT, measured using the OTF method
having t, delay of 1 pus and 1 ms. NBTI degradation increases with increased N%;
refer to Chap. 1 for additional details. Overall model prediction and the underlying
subcomponents are also shown, see Table 4.1 for model and Table 4.3 for device
details. Measured AV using different 7, delay shows power-law time dependence,
with lower degradation magnitude and higher time exponent n at higher 7, delay.
Time evolution of AVy for different ¢, delay can be modeled by only varying the
hole trapping concentration AVyr and using identical trap generation subcompo-
nents AVir and AVt as shown. This is consistent with the fact that delayed OTF
measurements would capture somewhat smaller fast hole trapping subcomponent at
the beginning of stress, since hole trapping is a fast process and gets triggered as
soon as stress is applied, and therefore results in lower overall AV, see Chap. 2 for
OTF measurement details. On the other hand, AVir and AVot subcomponents
evolve at a much slower rate and are not impacted by #, delay, unless ¢, becomes
unnaturally large. Moreover, since AVyr saturates at longer fgrr, lower AVyr
contribution captured for larger ¢, delay would result in higher time exponent n and
vice versa, which verifies the assumption that AVyt saturates at long stress time.
Figure 4.2d through f show the time evolution of voltage shift corresponding to
trap generation directly measured using CP method in different N% devices. Data
are plotted after delay and band gap correction ; refer to Chap. 2 for CP mea-
surement details. Time evolution of generated interface traps AVir and bulk traps
AVor subcomponents as predicted by the compact model is also shown. Note that
overall modeled trap generation subcomponent (AVit + AVot) shows an excellent
agreement with directly measured contribution from trap generation for different
SiON devices with varying Nitrogen concentration. Therefore, correctness of the
trap generation subcomponents of the compact model is independently verified.
The compact model has also been validated against other SION devices listed in
Table 4.3 having different N% and EOT. Figure 4.3 shows the time evolution of
AVr for NBTI stress at different V_grr and T, measured using OTF method having
different £, delay. Overall model prediction is also shown, and it is important to note
that different 7, delay data can be predicted by varying only the AVyr subcompo-
nent, which again verifies that the AVyr subcomponent is fast and saturates at
longer tstr. Therefore, the compact model of Table 4.1 can successfully predict
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Fig. 4.2 a—c Time evolution of measured AVt using OTF method with different time-zero delay
(symbols), for NBTI stress in p-MOSFETs having different SiON gate insulator processes. Overall
model prediction for AVy and underlying AVit, AVyt, and AVt subcomponents are also shown
(lines). d—f Time evolution of measured trap generation using CP method after delay and band gap
corrections (symbols) and model calculation for AVit + AVor (lines) for different SION devices

AVr time evolution measured in different SION devices of Table 4.3 for various
stress conditions with five process dependent variable parameters , which are listed
in Table 4.6. All other parameters are kept fixed across devices and are listed in
Table 4.1. The use of very few adjustable model parameters across wide variety of
SiON devices and different stress and measurement conditions shows the unique
predictive ability of the proposed model.

Figure 4.4 shows AVt measured at a fixed stress time as a function of (a) oxide
field> Eox and (b) temperature 7 for NBTI stress in SiON devices having different
N%. The compact model calculation is also shown. Note that increased N% leads to
higher AVt magnitude, but lowering of power-law field acceleration factor (I'g) and
Arrhenius T activation energy (E,), and the model can predict measured data
reasonable well for different SiON processes using the fixed and variable

%For simplicity and ease of comparison with data shown elsewhere, the measured and calculated
Eox dependence is plotted in a log—log plot and power-law Egx acceleration factor I'g is extracted.
Note that the Eqx dependence of the compact model has a different form as it adheres to the
underlying physical mechanism. The same is also done for NBTI and PBTI measured and cal-
culated data in HKMG devices shown later in this chapter.
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Fig. 4.3 Time evolution of measured AVr using OTF method with different time-zero delay
(symbols) and corresponding compact model prediction (lines), for NBTI stress at different Vg_gtr
and T in p-MOSFETs having different SiON gate insulator processes. Top panels for ty = 1 ps,
bottom panels for ty = 1 ms data

Table 4.6 SiON process dependent NBTI compact model parameters

A B C 't = Tur Eaxr
i 1 1 -2 cm
Units Vems® __|Vem M MV eV
Thin EOT low N% 7E9 1E8 1E11 0.25 0.185
Thin EOT high N% 3.5E10 2.5E9 1E11 02 0.15
Thick EOT 7E9 4.2E9 4.5E12 0.25 0.16

parameters listed respectively in Tables 4.1 and 4.6. Note that devices having
higher N% show larger hole trapping component [4, 43], and the T activation of
trapping is presumed to be small compared to the T activation of trap generation.
Therefore, T activation of overall AVt reduces with increased N% as shown. More
work is needed to explain the reduction of I'g in devices having larger N%.
Figure 4.5 shows the correlation of measured and modeled (a) power-law time
exponent n, (b) Arrhenius T activation energy E, and (c) power-law Eqx accel-
eration factor I'g for NBTT stress in different SION devices. Note that a power-law
Eox dependence is used for ease of comparison, although the compact model uses a
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more physically based relation. Time exponent n is calculated using liner regression
of measured AVt time evolution in fgtg range of 10 s to 1 Ks, while I'g and E are
calculated at fixed tgTR.

Note that excellent correlation is observed between measured data and model
prediction for different measurement delay and for different SION devices. Note
that the relative contribution of trap generation and trapping subcomponents
depends on SiON process and measurement delay. Since trap generation keeps on
evolving at longer fgtg While trapping saturates, and since the former shows larger
T activation than the latter, their relative dominance in particular decides the time
exponent n and T activation E, of overall NBTI degradation. Accurate prediction of
measured parameters therefore suggests correctness of the underlying subcompo-
nents of the model, which is further verified below using direct CP and flicker noise
measurements.

Figure 4.6a shows the correlation of voltage shift contribution from trap gen-
eration measured using the CP technique to calculated trap generation subcompo-
nents (AVit + AVpr) calculated using the compact model for NBTI stress in SiON
devices with different N%. Measured and modeled AV}t time evolution has been
obtained at different stress Eqgx and 7, although the data plotted in Fig. 4.6a are
shown for a fixed tg7r. As discussed in Chap. 2, voltage shift due to trap generation
from CP measurements is calculated after suitable delay and band gap correction.
Excellent agreement between theory and measurements verify the accuracy of trap
generation subcomponents across different devices. Furthermore, Fig. 4.6b plots the
correlation of pre-existing trap density measured using the flicker noise technique to
fractional hole trapping contribution (AVy/AVr) calculated by the model for dif-
ferent SION devices. Measured pre-existing trap density increases for SiON devices
having higher N% and results in higher trapping magnitude during stress [43], and
validates the hole-trapping subcomponent of NBTI compact model.

(a)ZOO (b)l()
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at 1Ks ,4 s at 7MV/em at 1Ks
_ 100 f A0 Z 8r
> t B
E &0 z e
et ’, S 6 -
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Fig. 4.6 Correlation of a trap generation (TG) measured using CP method after delay and band
gap corrections and model prediction, and b pre-existing traps measured using flicker noise and
calculated fractional hole trapping contribution, for NBTI stress in different SION p-MOSFETs.
Lines represent a 1:1 correlation and b guide to eye
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Fig. 4.7 Model calculated overall AVt and underlying trap generation and trapping subcompo-
nents of NBTI degradation in SiON devices having different N content in the gate insulator stack

It is important to assess the impact of N% on trap generation and trapping
subcomponents of overall NBTI degradation. Figure 4.7 shows overall AV and the
underlying AVt and AVit + AVor subcomponents for SiON devices having dif-
ferent N%. The compact model with parameters calibrated by prediction of stress
data at different Vg.grr and 7T is used to compute overall degradation and its
subcomponents for identical stress condition across different N% devices. All data
are normalized to the device having lowest N%. Note that AV increases with
increase in N%, which is now a well-known result, and the increase is primarily due
to increase in AVyr subcomponent as shown [21, 22]. Interestingly, N% has
negligible impact on trap generation as shown and verifies the uncoupled nature of
trap generation and trapping subcomponents of overall degradation. Note that as
plasma nitridation with proper PNA is used in devices having thicker gate oxides,
the N density at the Si/SiON interface is unlikely to change significantly with
variation in N dose, refer to Table 4.3. Therefore AVit does not change, while
AVyr, being a bulk phenomenon, gets affected, which is also independently cor-
roborated by flicker noise measurements [43]. Moreover, the relative contribution
of bulk trap generation AVgr is lower compared to AVir for the stress conditions
used in this study; hence overall trap generation remains unaffected by changes in
bulk N concentration as shown.

4.4 NBTI Process Dependence in HKMG p-MOSFETSs
4.4.1 Impact of HKMG Process

Figure 4.8 plots time evolution of UF-MSM measured threshold voltage shift AVy
for NBTI stress in differently processed planar HKMG Si channel devices listed in
Table 4.4. Compared to non-nitrided D1 and D2 devices, nitrided D3 and D4
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Fig. 4.8 Time evolution of UF-MSM measured AVt and DCIV measured AV;r after delay and
band gap corrections (symbols) for NBTI stress in p-MOSFETs with different HKMG gate
insulator stacks, refer to Table 4.4 for device details. Compact model prediction of overall AVt and
underlying trap generation and trapping subcomponents are shown (lines)

devices show higher NBTI degradation, which is consistent with SiON results; refer
to Chap. 1 for further details. Time evolution of interface trap generation ANt is
independently estimated by using DCIV technique, refer to Chap. 2 for details; the
voltage shift AVir corresponding to trap generation extracted from DCIV mea-
surements after delay and band gap correction is shown. AVt modeled by
three-component NBTI compact model proposed in Table 4.1 is shown along with
underlying trap generation and trapping subcomponents. As mentioned before, bulk
trap generation component for HKMG stacks is negligible and hence is not shown.
Note that the overall model can predict measured AVt time evolution for various
devices while modeled AVir subcomponent agrees well with independently mea-
sured trap generation data. Also note that relative contribution of the saturated
trapping subcomponent AVyr increases in HKMG stacks D3 and D4 having
additional N in the gate insulator stack, which is consistent with SiON data dis-
cussed earlier in this chapter.

Figure 4.9 shows time evolution of AVt measured in different HKMG devices
listed in Table 4.4 for NBTI stress using different Vg.grr and temperature
T. Calculated AVt time evolution using the compact model of Table 4.1 is also
shown. Note that the model can successfully predict measured data in such large
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calculation (lines) for NBTI stress at different Vg grr and T in p-MOSFETs having different
HKMG gate insulator stacks

variety of HKMG devices under different stress conditions with four adjustable
parameters ; pre-factor A, temperature activation Exxp and field acceleration 'ty for
interface trap generation , and hole trapping pre-factor B, and are listed in Table 4.7.
Unlike SiON, bulk trap generation pre-factor C is negligible in HKMG devices.
Other parameters are kept constant across different devices and are listed in
Table 4.1; identical fixed parameter values have been used for SiON and HKMG
devices. Out of four adjustable parameters , [t and E kg are of interest as they
depend on the IL type and quality, e.g., N density near the interface between Si
channel and IL. However, similar [';r and Eaxg values are used for a particular
category of HKMG stacks but having different IL and HK thicknesses. Therefore

Table 4.7 HKMG process dependent NBTI compact model parameters

A B C I'r = Ty JINS
Units v CI;I S v ::m cm 2 % eV
HKMG D1 9E10 6E9 0 0.245 0.215
HKMG D2 S8E10 1.5E10 0 0.21 0.215
HKMG D3 2.8E11 5E10 0 0.16 0.21
HKMG D4 4E10 1E11 0 0.17 0.13
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unless the process technology is drastically changed, small process variations can
be predicted by only two adjustable parameters A and B. Once again, the use of few
adjustable parameters shows the uniqueness of the model and signifies its impor-
tance in predicting degradation across wide variety of HKMG processes.

Figures 4.10 and 4.11 respectively show the oxide field Egx and temperature T
dependence of UF-MSM measured AVy as well as DCIV measured AVir obtained
after delay and band gap corrections, refer to Chap. 2 for details. The model
calculated Eqx and T dependence of overall AVt and underlying AVyr and AVyr
subcomponents are also shown. As mentioned earlier, the contribution from bulk
trap generation AVgr is negligible and hence is not shown. Note that model cal-
culated Egx and T dependence of both AVy and AVir is in excellent agreement with
experiments for different HKMG processes, and is obtained using the fixed and
process dependent parameters shown in Tables 4.1 and 4.7, respectively. Note that
the relative contribution of hole trapping component AVyr increases with increase
in N content in the gate insulator stack. Also note that similar to SiON devices, [t
equals I'yt and both reduce for stacks having larger N density in the IL, thereby
reducing the field acceleration of overall AVy, see Fig. 4.10. On the other hand,
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Fig. 4.10 UF-MSM measured AV and DCIV measured AVt after delay and band gap corrections
(symbols) at fixed tsr versus stress Eqgx for NBTI stress in p-MOSFETSs having different HKMG
gate insulator stacks. Compact model prediction of AV and underlying trap generation and trapping
subcomponents are shown (lines). Eox dependence is plotted in a log—log scale
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Fig. 4.11 UF-MSM measured AVy and DCIV measured AVir after delay and band gap
corrections (symbols) at fixed tgtr versus stress 7 for NBTI stress in p-MOSFETs having different
HKMG gate insulator stacks. Compact model prediction of AVt and underlying trap generation
and trapping subcomponents are shown (/ines)

AVyt has weaker T activation compared to AVir as shown in Fig. 4.11, and larger
relative AVyr contribution results in reduced E4 of overall AV for devices having
higher N content, and once again verifies the uncorrelated nature of trap generation
and trapping processes.

Figure 4.12 shows the correlation of measured and modeled (a) power-law time
exponent n, (b) Arrhenius T activation energy E, and (c) power-law Egy accel-
eration factor I'g for different HKMG devices listed in Table 4.4. Note that a
power-law Eox dependence is used for ease of comparison, although the compact
model uses a more physically based relation. As before, the time exponent n is
calculated using liner regression of measured AVt time evolution in fgyg range of
10 s to 1 Ks, while I'g and E4 are calculated at fixed fgTr. Excellent correlation is
obtained between measured data and model prediction for different measurement
delay and across different HKMG gate insulator processes. Note that hole trapping
saturates while interface trap generation keeps evolving with increase in fgg, and
the former has weaker T activation than the latter. Therefore as discussed before,
prediction of time exponent n and T activation E, implies precise determination of
the underlying trap generation and trapping subcomponents for different HKMG
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processes and stress conditions. This is achieved with only four process dependent
adjustable parameters as listed in Table 4.7. The individual model subcomponents
are validated next using direct measurements.

Figure 4.13a shows the correlation of voltage shift corresponding to interface
trap generation measured using DCIV to the model calculated AV}t subcomponent
for different HKMG devices mentioned in Table 4.4. Measured and modeled time
evolution of AVit is obtained at different stress Eqox and 7, although their corre-
lation in Fig. 4.13a is shown at fixed fstr. As mentioned before, measured DCIV
data are corrected for delay and band gap , refer to Chap. 2 for details. Excellent
correlation is observed between measurements and theory across different HKMG
devices, which verifies the correctness of the calculated trap generation subcom-
ponent. Figure 4.13b shows the correlation of measured pre-stress trap density
using flicker noise technique to fractional hole trapping (AVy/AVr) contribution
calculated using the compact model for different HKMG devices. As mentioned
before, increase in pre-stress trap density as measured using flicker noise for gate
stacks having larger N content in the gate stack would result in higher hole trapping
magnitude during NBTI stress. This is indicated by relatively larger fractional AVt
concentration shown in Fig. 4.13b, and validates the hole-trapping subcomponent
of NBTI compact model.
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Fig. 4.13 Correlation of a trap generation (TG) measured using DCIV method after delay and
band gap corrections and model prediction, and b pre-existing traps measured using flicker noise
and calculated fractional hole trapping contribution, for NBTI stress in different HKMG
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The EOT scaling of HKMG gate insulator stacks is of interest and is primarily
achieved by IL thickness scaling, since High-K thickness scaling is detrimental from
the viewpoint of increased gate leakage [33, 44]. The impact of IL thickness scaling
on NBTI has been shown in Chap. 1. Figure 4.14 shows measured AVt and AVt at
fixed tsTRr as a function of IL thickness, calculated at (a) fixed oxide field Eqx and
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Fig. 4.14 Impact of IL thickness scaling on UF-MSM measured AVt and DCIV measured AVir
after delay and band gap corrections, for NBTI stress in HKMG p-MOSFETs at a constant Egx
and b constant gate overdrive . Model calculated overall AVt and underlying AVir and AVyt
subcomponents are also shown. ¢ IL thickness scaling impact on compact model calculated AV
and underlying AVt and AVyt subcomponents at 10 years. Lines are guide to eye
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(b) fixed overdrive bias (Vg.str — V10), V1o being pre-stress Vr. As mentioned
before, UF-MSM and DCIV measurements are, respectively, used for AVr and AVyr,
the latter is obtained after delay and band gap corrections. Model calculated overall
AVy and underlying AVir and AVyr subcomponents are also shown; excellent
agreement has been observed between measured and modeled AVr and AVy data.
Note that AV at fixed Egx increases as IL is scaled because of nitridation, refer to
Table 4.4 for device details. However, increase in nitridation results in much larger
relative increase in AVyt when compared AVir as IL is scaled, refer to Fig. 4.14a. On
the other hand, in addition to impact of V, increase in AV at fixed gate overdrive is
also due to increased Epx as IL is scaled, as shown in Fig. 4.14b.

Once again, a relatively larger increase in AVt is observed as nitridation is used
for IL scaling . Therefore, similar to SiON data, N has larger impact on hole
trapping than trap generation for HKMG devices as well. However unlike SiON
devices, process variations causes variation in the Nitrogen content near the Si/IL
interface for HKMG stacks, which impacts both AVir and AVyr subcomponents.
Figure 4.14c plots extrapolated AVt and underlying AVt and AVt subcomponents
at EOL value of 10 years for HKMG devices having different EOT, calculated
using the NBTI compact model of Table 4.1 with calibrated parameters. Since
AVyr saturates quickly and only impacts short-time data, AVy at EOL is completely
dominated by AVir as shown. Therefore, the impact of hole trapping remains
negligible at scaled EOT.

4.4.2 Impact of Channel Material

The compact model of Table 4.1 is also used to predict NBTI degradation in
different SiGe channel based planar HKMG devices without and with Si cap, refer
to Table 4.5 for device details [40, 41]. Time evolution of overall AV is modeled
using AVir and AVyr subcomponents, since AVqr contribution has been found to
be negligible in these devices [45]. Only three process dependent parameters have
been used, i.e., interface trap generation and trapping pre-factors A and B as well as
the field acceleration factor I';r (=I'yr), refer to Tables 4.1 and 4.8. The parameter
E Ak related to T activation has been found to be constant across devices due to the
use of very similar HKMG gate insulator stacks, and the pre-factor C for AVgr is
assumed to be negligible. Other fixed parameters are listed in Table 4.1, and
identical values are used for Si and SiGe devices. As mentioned before, OSDD
method has been used for AV time evolution measurements in these devices.
Figure 4.15 plots the time evolution of measured [40] and modeled AVr in left
panels, and underlying AVt and AVyr subcomponents in right panels, for NBTI
stress in Si capped SiGe devices having different Ge concentration; pure Si device
is shown as reference. The process dependent adjustable parameters are listed in
Table 4.8. SiGe devices show higher power-law field acceleration factor I'g com-
pared to Si reference device [40]. NBTI degradation reduces with increased Ge% in
the channel. AVir contribution to overall AVt is much larger than AVyr
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Table 4.8 SiGe process dependent NBTI compact model parameters

Device no. A (V Cl’il sl/6> B (V lcm> | (%) Eaxr (€V)
SG1 2.15E11 2.9E10 0.15 0.214
SG2 1.2E10 SES8 0.27

SG3 9E9 SE6

SG4 1.15E9 SE6

SG5 2.7E9 SE6

SG6 6.3E9 SE6

SG7 2.1E10 1E9

SGS 4.9E9 SE6

SG9 4.4E11 0 0.14

SG10 1.25E11 0 0.19

SG11 IE11 0

SG12 4.E10 0

Due to the absence of temperature dependent SiGe data [40, 41], identical Eskr is used for Si and

SiGe devices
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Fig. 4.15 Time evolution of AVt from OSDD measurements and model prediction (left panels)
and time evolution of calculated model subcomponents (right panels) for NBTI stress at different
Vis-str in Si and SiGe based HKMG p-MOSFETs with different Ge concentration. SiGe devices
have Si cap. Experimental data (symbols) from [40], lines are model calculation

contribution across all devices, and interestingly, the AVyr contribution becomes
negligible and hence AVt dominates overall AVt as Ge concentration is increased
beyond 50 %. Increased Ge concentration reduces the magnitude of AVt and hence
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that of AVry, although the power-law time exponent for time evolution of AVirt
remains constant at n ~ 1/6 across different devices as shown. Therefore,
power-law time exponent of overall AVr becomes less than n ~ 1/6 for Si and low
Ge% SiGe devices owing to non-negligible but saturated AVyr contribution,
although the n ~ 1/6 dependence is seen for the high Ge% SiGe devices due to
complete AVi+ dominance. Note that an earlier analysis of these data suggested
dominant AVyr contribution [40], because the AVt subcomponent was obtained
using CP measurement and is underestimated, since it was not corrected for mea-
surement delay and band gap, refer to Chap. 2 for details [4].

Figure 4.16 shows time evolution of measured AV for SiGe devices without Si
cap [41] and prediction by the compact model [45]; the Si device is also shown as
reference. The device dependent adjustable parameters are listed in Table 4.8. It is
important to note that higher Ge% devices exhibit noise and variability in measured
data, which is due to process variability as discussed in [41]. The data plotted in
Fig. 4.16 especially for higher Ge% devices are obtained by averaging different
measurements. Once again, NBTI degradation reduces with increased Ge% in the
channel. Moreover, the power-law field acceleration factor I'g is large for SiGe
devices without Si cap as compared to pure Si device, which is similar to the Si
capped data shown before. However, note that AV time evolution is completely
dominated by AVt and the AVyt subcomponent is negligible for these Si and SiGe
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Fig. 4.16 Time evolution of AVt from OSDD measurements and model prediction for NBTI
stress at different Vggrr in Si and SiGe based HKMG p-MOSFETs with different Ge
concentration. SiGe devices do not have Si cap . Experimental data (symbols) from [41], lines are
model calculation
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devices having different Ge concentration. Therefore, the AV time evolution
exhibits power-law dependence with exponent n ~ 1/6, although the magnitude of
AVr reduces with increase in Ge concentration due to reduction in AVt magnitude,
which is again similar to the Si capped results shown before.

Figure 4.17 shows time evolution of measured AVt in Si capped SiGe devices
having high Ge% but different Si cap thickness [40]. A reduction in NBTI degra-
dation is observed with reduction in Si cap thickness. The compact model pre-
diction is also shown [45]; adjustable parameters are listed in Table 4.8. Since these
devices have high Ge concentration, AVt completely dominates time evolution of
AVy and AVyr is negligible, hence the subcomponents are not plotted, for all but
the thickest Si cap device. Since AVir dominates AV, a power-law time depen-
dence with exponent n ~ 1/6 is observed for all but the thickest Si cap device. The
time evolution of AVt and AVt subcomponents is shown for the thickest Si cap
device. Although AVyr is not negligible for thickest Si cap device, its contribution
is still significantly lower than that of AV as shown, and hence AV still domi-
nates the time evolution of overall AVt especially at longer 7srr. However, no
variation is observed in power-law field acceleration factor I'g for different Si cap
thickness as shown in Table 4.8.

Figure 4.18 shows time evolution of measured AVt in Si capped SiGe devices
having high Ge% but different SiGe quantum well (QW) thickness [40]. All devices
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Fig. 4.17 Time evolution of AVt from OSDD measurements and model prediction for NBTI
stress at different Vg grr in Si capped SiGe based HKMG p-MOSFETs having different Si cap
thickness. All devices, except the one with thickest Si cap, are modeled only using AVir
subcomponent. The AVyr and AVyr subcomponents for the thickest Si cap device are shown.
Experimental data (symbols) from [40], lines are model calculation
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Fig. 4.18 Time evolution of AVt from OSDD measurements and model prediction for NBTI
stress at different Vg_grr in Si capped SiGe based HKMG p-MOSFETs with different SiGe
quantum well thickness. Experimental data (symbols) from [40], lines are model calculation

have identical moderately thick Si cap. Compact model prediction is shown;
adjustable model parameters are listed in Table 4.8. Since these devices have high
Ge concentration and not very thick Si cap, AVir completely dominates time
evolution of AVt and AVyr is found to be negligible. Although the magnitude of
AVyr and hence that of AVt reduces with increase in QW thickness, the power-law
field acceleration I'g and time exponent n (~ 1/6) remain unchanged as shown.

The relative contribution of AVir and AVt subcomponents to overall AVy for
different SiGe processes is of interest. Figure 4.19 plots AVt contribution nor-
malized to overall AV, calculated at fixed Eqx for different Si and SiGe devices at
(a—d) short rgtr and (e-h) zgrr of 10 years corresponding to end-of-life (EOL)
degradation. The compact model shown in Table 4.1 is used for this calculation;
model parameters are calibrated by prediction of measured data at different stress
Eox. A AVit/AVy value of 1 implies complete AVt domination, a value lower than
1 implies non-negligible AVyr contribution.

Note that depending on gate insulator process, pure Si devices show [40] and do
not show [41] AVyt contribution. AVt for SiGe devices without Si cap is com-
pletely dominated by AVir for different Ge concentration, and is also due to the
particular gate insulator process. At shorter fstg, SiGe devices with Si cap shows
non-negligible AVt contribution only for lower Ge% or higher Si cap thickness;
AVt completely dominates AVt for all other process conditions leading to higher
Ge surface concentration. However since AVyr saturates at long time, EOL deg-
radation is dominated by AVir for all devices as shown, which is similar to the
HKMG process impact data shown earlier in this chapter.
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Fig. 4.19 Compact model calculated fractional contribution by generated interface traps (AVyr/
AVry) at (top panels) short time and (bottom panels) end-of-life value of 10 years, for different Si
and SiGe based HKMG p-MOSFETs listed in Table 4.5

4.4.3 Impact of Channel Orientation (FinFETs)

The compact model shown in Table 4.1 has also been used to predict NBTI deg-
radation in Si channel based FinFETs with Replacement Metal Gate
(RMG) HKMG gate insulator stacks. Devices with different channel length (Lgpy)
and number of fins (Ngpy) are used. Measured time evolution of AVt at different
stress Eqox and T can be modeled using interface trap generation AVir and hole
trapping AVyr subcomponents. As mentioned before, the bulk trap generation
subcomponent AVgr is found to be negligible in these devices due to the use of
HKMG gate insulators.

Figures 4.20 and 4.21 show time evolution of measured AV for Ly = 1 pm and
Lgn = 100 nm devices respectively, for NBTT stress at (a) different V_gtr but fixed
T and (b) different T but fixed Vg.str. Mobility corrected OSDD measurements are
done at higher Vg_gns to reduce recovery. Both devices have identical Ngp = 22.
The compact model prediction of overall AV is also shown in panels (a) and (b),
and the time evolution of underlying AVir and AVyr subcomponents is shown for
variation in (¢) Vg.str and (d) stress 7. The model can predict measured data
reasonably well, and AV time evolution is dominated by AVt especially at long
tstr. Similar prediction of measured data is obtained for other combinations of
Vs-str and T and in FinFETs having different Ngp, not explicitly shown here for
brevity.



154 S. Mahapatra et al.

Npw =22, L =lum
| Solid= AV ;Dash= AV, .

~
&0

~
w2
[l
[}

_

b) 300

L (mV)
3
< E
degradation (mV)

>
< Vovstel
O LIov; O 095V
A o0sov; O 065V
20 Ll Lol Lol P
3x10° 10’ 107 10°  4x10°
stress time (s) stress time (s)
(c) 300 ¢ (d)300 ——
- 7 ovestrl 9 200 7 Solid = AV ; Dash= AV .
S g
N g
= r =
100 + =]
z r Temp -g
O 150°C; O 130°C =
A 105°c; O 85°C &
507“””\ Ll el L =
3x10° 10' 10° 10° 4x10°

stress time (s) stress time (s)
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and model prediction (left panels) and time evolution of model subcomponents (right panels) for
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The Lrpy and Ngy dependence of adjustable parameters are listed in Table 4.9.
Measured AV time evolution can be predicted using only two adjustable param-
eters A and B corresponding to the pre-factors for AVt and AVyt subcomponents,
respectively. Other adjustable parameters I';r (=['yt) and E kg are kept fixed for
different device dimensions due to the use of identical HKMG gate insulator pro-
cess. Note that A and B reduce with reduction in Ly, however the relative ratio of
trap generation and trapping remains constant across different Lgpy as expected.
Moreover, negligible change is observed in parameters A and B with variation in
Ngn as shown.

Figure 4.22a shows time evolution of AV at fixed Vg_str and T, measured for
NBTI stress in multiple small area FiInFETs with Ly = 28 nm and Ngy = 2. It is
now well known that small-area devices show variable BTI degradation [46, 47], and
results in distribution of AVt magnitude and time exponent n as shown. The sta-
tistical aspects of NBTI degradation in these small-area devices are discussed in [42].
Figure 4.22b plots the time evolution of mean AVt obtained by averaging measured
data plotted in panel (a), and also shows overall model prediction and underlying
AVir and AVyt subcomponents. Only the pre-factors A and B are adjusted, while I'1p
(=I'ur) and Ekr are kept identical to larger area devices, refer to Table 4.9. Note
that overall AVt and hence the pre-factors A for AVt and B for AVyr reduce as Lgy
is reduced and is consistent with larger area data. However, the ratio of A and B, i.e.,
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Table 4.9 NBTI compact model parameters for HKMG p-FinFETs, and compact model
calculated fractional contribution by generated interface traps (AVir/AVr) at short time and at
10 years

New | Lenw (um) | o (W) B (Vlcm> AVir/AVr @ 1 Ks | AVir/AVr @ 10 years
2 0.028 3.5El1 5E10 0.79 0.97
22 0.1 4.8E11 7.5E10 0.78 0.97
1 6E11 1.1E11 0.75 0.96
4 0.2 4.6E11 9E10 0.74 0.96
20 5.3E11 9E10 0.76 0.96
220 5.8E11 9E10 0.78 0.97

Note, I'tt (=I'yt) and Eaxg values are same as SGI1 silicon device (Table 4.8)

the relative contribution of trap generation and trapping for small area very short
channel devices remains similar to that observed for large area long and short
channel devices. This is expected due to the use of identical HKMG process.
Table 4.9 also shows AVip/AVr fraction for FinFETs having different Lgpy and
Ngn, calculated using the calibrated compact model at short and long fgtr and at a
particular Eqx and T. It is important to note that although AVt dominates, AVygr is
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Fig. 4.22 Time evolution of AVy using OSDD measurements in multiple small-area HKMG
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not negligible especially at shorter zgtr, and hence AVi/AVy < 1. Note that
identical AVi1/AVr ratio is observed for all devices as expected. However, AVyt
saturates quickly and therefore the long-time AV is completely dominated by AV
as shown. Therefore, similar to planar Si and SiGe devices, NBTI degradation in
FinFETs at EOL is also dominated by generation of interface traps; hole trapping in
pre-existing defects have relatively minor contribution.

4.5 Process Impact on NBTI Parameters

In this section, impact of different gate insulator processes on NBTI parameters at
long stress time; i.e., power-law time exponent (n), Arrhenius temperature activa-
tion (E,) and power-law oxide field acceleration (I'g), is explored. Moreover,
various assumptions mentioned earlier to achieve compactness of the proposed
NBTI model are also verified.

4.5.1 Time Exponent

Figure 4.23a plots the time evolution of UF-MSM measured AVy for different
measurement delay in Si planar HKMG p-MOSFETs subjected to identical NBTI
stress. As discussed in Chap. 1, Fig. 1.21, BTI degradation starts to recover as soon
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Fig. 4.23 Time evolution of (a) MSM measured AV for different measurement delay for NBTI
stress in HKMG p-MOSFETs and model prediction, (b) underlying AVir and AVyr subcompo-
nents. Symbols measured data, lines model calculation

as the stress is interrupted for measurement, and larger measurement delay exhibits
lower AVt magnitude and higher power-law time exponent n, refer to Chap. 2 for
additional details. The compact model calculation is also shown, and AVy time
evolution for different delay can be predicted by identical trap generation but dif-
ferent trapping subcomponents, plotted in Fig. 4.23b. As shown later in Chap. 6, the
initial part of NBTI recovery is dominated by hole detrapping, so MSM measure-
ment with larger delay would capture less trapped holes and vice versa. Therefore,
MSM measured AV time evolution at different delay can be predicted using same
AVyr but different AVt subcomponents. Note that AVyt saturates at longer #gr and
AVir shows power-law time dependence with n ~ 1/6. Therefore, larger AVyt at
smaller delay results in lower n of overall AVt and vice versa as shown.

Note that although measurement delay has identical impact on MSM and OTF
measurements, they are caused by different mechanisms as discussed in Chap. 2. It
can be seen from Fig. 4.2 that larger #, delay for OTF measurements also results in
lower AVt magnitude and higher time exponent n. Since OTF technique measures
degradation without interruption of stress, it does not suffer from recovery issues
similar to the MSM method. However, the magnitude of degradation captured by
OTF method at the initiation of stress depends on #, delay. Since early degradation is
primarily caused by hole trapping , refer to Chap. 6, AVt time evolution at different 7,
delay can be modeled using same A Vit but different AV subcomponents as shown
in Fig. 4.2. Once again, as AVyr saturates at longer fgtgr, a relatively larger AVyr
contribution captured using OTF method for smaller 7, delay, when added to AVt
time evolution having n ~ 1/6, results in lower n of overall AVt as shown.

Figure 4.24 plots power-law time exponent n calculated from AVt time evolu-
tion data by linear regression in fgr range of 10 s to 1 Ks, versus stress oxide field
Eox, for (a) SiON and (b) HKMG devices having different N content in gate stack.
As mentioned before, SiON data are measured using OTF and HKMG data using
UF-MSM method. Note that both SiON and HKMG devices having higher N
content show lower time exponent n. As mentioned earlier in this chapter and also
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in Chap. 2, pre-stress flicker noise results in larger trap density in nitrided gate
stacks, and results in larger hole trapping subcomponent AVyt during NBTT stress.
Therefore, a relatively larger saturated AVyr contribution, when added to time
evolution of AVir having n ~ 1/6 power-law time dependence, lowers the time
exponent n of overall AV for nitrided devices as shown. This once again verifies
that hole trapping and trap generation are two mutually independent subcomponents
and the former saturates at longer stress time.

The correlation of N concentration in the gate stack and NBTI time exponent is
further verified for SION and HKMG devices. Figure 4.25a shows time exponent
obtained using linear regression of OTF measured AVy time evolution in gt range
of 10 s to 1 Ks, as a function of N concentration in different plasma nitrided SION
devices [38]. N concentration is measured using X-ray Photoelectron Spectroscopy

0.15
(a) N SiON (b)O 14l HKMG L/
= 0141 B D .
N AY N 7/
g o £ o012} o ,/ B
g Nl = = 4
5] N 1) .
% N % o //
§ 012r . & o010 ,
() AN 5} a
g Q E 4
= AN = o0sl o
4 Lo
010 n 1 n 1 n 1 n ‘A 1 n 1 n 1 n 1 n
10 20 30 40 50 7 8 9 10 11 12
Nitrogen Concentration (%) EOT (A)

Fig. 4.25 Measured power-law time exponent n at long fgyr for NBTI stress in a SiON
p-MOSFETs having different N content in the gate insulator stack, and b HKMG p-MOSFETs
having different IL thickness. Symbols measured data, lines guide to eye
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(XPS) technique [48]. Note that measured n reduces with increase in N concen-
tration. Figure 4.25b shows time exponent obtained using linear regression of MSM
measured AVt time evolution in tgtg range of 10 s to 1 Ks, as a function of EOT of
the gate stack for HKMG devices. EOT is estimated using Capacitance-Voltage
(CV) method after necessary corrections [49]. As discussed earlier, refer to
Table 4.4, EOT scaling is achieved either by nitridation after HK deposition or by
using nitrided IL, therefore, EOT scaling also leads to reduction in time exponent
n as shown. It has been shown using flicker noise method in SiON [43] and HKMG
[33] p-MOSFETs that gate stacks with higher N concentration show higher
pre-existing traps, and would result in higher hole trapping subcomponent AVyt
during NBTI stress. As discussed before, a relatively larger AVt contribution that
saturates at longer #str, When added to AVir that continues to evolve with
power-law time exponent n ~ 1/6, reduces time exponent n of overall AVy. Once
again, this verifies the uncoupled nature of trap generation and trapping subcom-
ponents of NBTI degradation.

The impact of hole trapping on long-time exponent is further validated using a
larger set of data; refer to [50] for additional details. Figure 4.26 plots the corre-
lation of measured time exponent n and calculated fractional hole trapping con-
tribution (AVyr/AVy) for various SiON and HKMG devices subjected to NBTI
stress. Time exponent is calculated using linear regression of measured AVt time
evolution in #gtg range of 10 s to 1 Ks. The calibrated compact model shown earlier
using Table 4.1 is used to calculate AVyr and AVy at fixed Eqx and 7, and a large
tsTr 1S used to capture saturated AVyt magnitude. SION and HKMG-A devices are
listed earlier in Tables 4.3 and 4.4, respectively. HKMG-B and HKMG-C devices
respectively have Si and SiGe channels, and both have Aluminum capped HKMG
stacks and are listed in [50]. HKMG-D devices use HfO, and Hafnium Silicate
(HfSiO) HKMG stacks, refer to [51] for device details. UF-OTF method is used for
SiON and HKMG-D, UF-MSM for HKMG-A, and OSDD for HKMG-B and
HKMG-C devices to obtain AVy time evolution. Moreover, published data from
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Fig. 4.26 Correlation of measured power-law time exponent n at long fstr to compact model
calculated fractional hole trapping contribution (AVy1/AVy) for NBTI stress in different SiON and
HKMG devices
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other reports [4, 52, 53, 54, 55] are also analyzed and plotted. An exceptional
universality is observed for different devices and measurements, which unequivo-
cally establishes that increase in fractional hole trapping contribution reduces the
long-time power-law time exponent n of overall AV, which is due to saturation of
AVyr at long stress time. This also verifies uncorrelated nature of NBTI
subcomponents.

Finally, note that the interface trap generation subcomponent shows power-law
time dependence with time exponent n ~ 1/6, refer to Chap. 3 for additional
details. As established above, the hole-trapping subcomponent saturates very early,
and is strongly impacted by the quality of gate insulator stack. Moreover, owing to
large voltage acceleration, the bulk trap generation subcomponent is negligible
unless very large Vs.str is used for stress. Therefore, for well-processed devices
and circuits, only the interface trap generation component would dominate overall
NBTI degradation at moderate level of stress bias and longer stress time. As a
validation, Fig. 4.27a shows Vg.str dependence of power-law time exponent
extracted from long-time AV time evolution measurements in individual transistors
[56-59], and Fig. 4.27b shows Vg.gtr dependence of power-law time exponent
extracted from time evolution of Ring Oscillator frequency degradation [60, 61] and
SRAM Vi shift [62, 63] measurements in circuits. It is important to remark that
the universal n ~ 1/6 time exponent is observed across such large variety of
devices and circuits and also across different industries [18]. This confirms that
long-time NBTI degradation is dominated by interface trap generation and shows
power-law time dependence with a time exponent of n ~ 1/6, which is readily
predicted by H/H, Reaction-Diffusion (RD) model [5, 10]; refer to Chap. 5 for
further details.
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Fig. 4.27 Measured power-law time exponent n at long fgrr for NBTI stress in a p-MOSFETs
across various technologies and b different type of circuits. Symbols measured data, lines guide to
eye
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4.5.2 Temperature Activation

Figure 4.28 shows measured AV at fixed NBTI stress time tstr as a function of
stress temperature T, for SION and HKMG devices. SION devices are measured
using OTF method having different #, delay, Fig. 4.28a, and UF-OTF method is
also used to measure SiON devices having different N content in gate insulator
stack, Fig. 4.28b. UF-MSM method is used to study HKMG devices having dif-
ferent N content in gate insulator stack, Fig. 4.28c. Note that higher AVt magnitude
and lower T activation energy E4 are observed for faster OTF measurements and for
SiON and HKMG devices having higher N content. As mentioned earlier, these
situations favor relatively larger hole trapping subcomponent AVyr, which is pre-
sumed to have lower T activation compared to trap generation subcomponent AV,
refer to Table 4.1 for details. Therefore, larger fractional AVt contribution reduces
T activation of overall AV for faster measurements and for devices having higher N
content as shown, and once again, verifies the uncorrelated nature of trap generation
and trapping.

The correlation of temperature activation energy and N concentration is further
validated for SION and HKMG devices. Figure 4.29 shows temperature activation
energy E, for (a) SiON devices having different N content and (b) HKMG devices
with EOT scaling achieved by increased N concentration in the gate stack. Once
again, T activation is obtained from AVt measured at fixed tgtr, using UF-OTF
method for SiION and UF-MSM for HKMG devices. As shown earlier in Fig. 4.25,
increased N% for SiON and EOT scaling for HKMG gate stacks result in higher
fractional AV contribution. Since hole trapping has lower T activation compared
to trap generation, relatively larger AVyr reduces T activation of overall AVr for
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Fig. 4.28 Measured AVy at fixed stress time for NBTI stress at different T, in a SiON
p-MOSFETs for different OTF time-zero delay and in b SiON, and ¢ HKMG p-MOSFETs having
different N content in the gate insulator stack. Symbols measured data, lines model calculation
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Fig. 4.29 Measured Arrhenius T activation energy E, at fixed stress time for NBTI stress in
a SiON p-MOSFETs having different N content in gate insulator stack, and b HKMG p-MOSFETs
having different IL thickness. Symbols measured data, lines guide to eye

higher N% SiON and lower EOT HKMG devices. Once again, this validates the
model assumption of lower T activation for the hole trapping subcomponent.

As discussed before, hole trapping saturates at longer fstr and results in lower
power-law time exponent 7 for time evolution of overall AV in situations involving
relatively larger AVyr contribution, such as faster NBTI measurement and for gate
stacks having higher N content. Moreover as shown above, hole trapping also
shows lower T activation and reduces E, of overall AVt for these situations. The
similarity is further illustrated in Fig. 4.30, showing the correlation of time expo-
nent n and T activation E, for SION devices with different N content and HKMG
devices having different EOT achieved by increased N content in the gate stack.
Time exponent n is obtained using linear regression of AVt time evolution data in
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Fig. 4.30 Correlation of long-time power-law time exponent n to Arrhenius 7 activation energy
E for different measurement delay, for NBTI stress in different SION and HKMG p-MOSFETs.
Symbols measured data, lines guide to eye
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tstr range of 10 s to 1 Ks, and T activation is obtained at fixed tgr. OTF method
with different #, delay is used for SiON, while MSM method with different mea-
surement delay is used for HKMG devices. As expected, n and E of overall AVy
are nicely correlated for both SiON and HKMG devices and for different mea-
surement delay. However, the correlation line has been found to be different
between SiON and HKMG devices, due to higher T activation energy FEagp
associated with the AVt subcomponent for HKMG devices as shown earlier in the
chapter, refer to Tables 4.6 and 4.7.

According to the RD model discussed in detail in Chap. 5, AV;r time evolution
at longer stress time is governed by molecular H, diffusion and shows power-law
time dependence with exponent n ~ 1/6 [10] and T activation Eapyy ~ 0.6 eV
[64]. Tt can be observed from Table 4.1 that for situations where Esxg is similar to
Eaxr, i.€., Si-H bond dissociation and passivation are similarly activated; the
temperature activation of AVjr at a fixed fgrg would be given by Earr = Eapu2/6.
On the other hand, temperature activation of the time to reach a particular AVip
magnitude at different T would be equal to Esppp. Therefore, time evolution of
AVir obtained at different stress T and plotted in a log—log plot can be scaled along
time or X-axis to merge with each other, and the scale factor (fscapg) can be
determined at every T; the temperature activation of 1/fscarg would be equal to
Eapmp- For situations when AVt is negligible, such as low N% devices, relatively
slower measurement, long #gTgr, and AVgr is also negligible such as not too large
Vg-str» AV would be dominated by AVir, and a similar exercise involving AVy
time evolution data at different stress T would also provide Eappo.

Figure 4.31 shows T activation of 1/tscarg calculated from AVy time evolution
measured in pure SiO, as well as different plasma nitrided SiON devices with low
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N content in the gate insulator stack. Measurements are performed using #, = 1 ms
OTF method and moderate Vg.grr is used for stress, ensuring negligible contri-
bution from AVyr and AVgor, respectively; hence AVry is dominated by AVir.
Similar data are also shown for HKMG devices with low N content, measured using
MSM method for stress at moderate Vg_grr. Moreover, direct AVt time evolution
measurements are done using CP in SiO, devices and using DCIV in HKMG
devices, and the corresponding T activation values are also shown. It is important to
note that a remarkable consistency in 7 activation of 1/tscarg is observed for such
diverse set of devices and measurement conditions, and obtained E, is consistent
with that reported for molecular H, diffusion [64], which is also consistent with
observed power-law time evolution with exponent n ~ 1/6 at long stress time. This
verifies the time and T dependence of AVt subcomponent of the compact model.
Refer to Chap. 6 for further discussion in this topic.

4.5.3 Field Acceleration

The oxide field dependence of interface trap generation and hole trapping comes
from inversion layer holes tunneling to Si—H bonds and pre-existing traps respec-
tively [10], and therefore is related to the product of inversion hole density (~ Egx)
and its tunneling probability (~exp - (I' - Egx)) as shown in Table 4.1 [57].
Identical field acceleration factor is assumed for trap generation (I'yr) and trapping
(T'gt), as they occur close to the channel and gate insulator interface [4, 10].
However for simplicity and without loss of generality, power-law Eoyx dependence
with acceleration factor I'g is often used, as shown elsewhere in the book. Bulk trap
generation depends on stress gate voltage and has power-law dependence [5],
however, this component is often negligible as discussed earlier in this chapter.
Hence in most situations, interface trap generation and hole-trapping processes
determine field acceleration for overall AVr. It is important to study the impact of
gate insulator process on Egx dependence, as it determines the extrapolation of
degradation from stress to use condition.

Figure 4.32 shows measured AVt for NBTI stress at fixed fgtr as a function of
stress oxide field Eqx for SION and HKMG devices. SiON devices are measured
using OTF method having different #, delay, Fig. 4.32a, and UF-OTF method is
used to measure for SiON devices with different N content in gate insulator stack,
Fig. 4.32b. UF-MSM method is used for HKMG devices having different N content
in gate insulator stack, Fig. 4.32c. As discussed before, magnitude of AVt is smaller
for higher #, delay as lower hole trapping magnitude is captured. However, both
measurements show identical field acceleration factor I'g as shown, which is due to
similar Eqx dependence for AVt and AVt subcomponents. This is contrary to the
T dependence shown earlier in Fig. 4.28a, where higher E4 is observed for larger #,
delay when lower AVyr is captured, due to relatively lower T activation Exy of the
hole trapping component. However, both SION and HKMG gate stacks having
larger N content show larger AV magnitude but lower I'g. As discussed earlier in
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the chapter, higher AVr is primarily due to increased AVyr contribution for SION
devices. For HKMG devices, increased N results in increase in both AVt and
AVyr, although AVyr increases much more than AVyt, and is also shown earlier in
this chapter. More work is needed to understand the reduction in I'g for higher
N content in the gate insulator stack for both SiON and HKMG devices as shown,
which is beyond the scope of the present book.

Figure 4.33 shows power-law field acceleration factor I'g for (a) SION devices
with different N concentration and (b) HKMG devices having different EOT
resulting from different N concentration in the gate stack. Once again, Egx
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Fig. 4.33 Measured power-law field acceleration I'g at fixed stress time for NBTI stress in a SiON
p-MOSFETs having different N content in gate insulator stack, and b HKMG p-MOSFETs having
different IL thickness. Symbols measured data, lines guide to eye
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dependent AVr measurements are performed at fixed fgtg to determine I'g, using
UF-OTF method for SiON and UF-MSM for HKMG devices. Note that I'g reduces
as the N concentration is increased for SION devices and also with EOT scaling in
HKMG devices achieved using higher N content in the gate stack. It is interesting to
remark that although the time and 7 dependence of AVt and AVyt subcomponents
are different from each other, they show very similar Eqx dependence, and hence
I'g can be used to monitor N concentration in the gate stack and is shown below.

As discussed before, increased N concentration preferentially increases the hole
trapping process compared to interface trap generation, and reduces parameters r,
E, and T'g for NBTI stress in both SiON and HKMG devices. Reduction in time
exponent 7 is attributed to saturation of AVyr subcomponent at longer fgtr, while
reduction in T activation E, is due to lower E gt associated with AVyr. As
mentioned before, the physical mechanism responsible for I'g reduction is not yet
understood. However, ['g can be correlated to other parameters, and Fig. 4.34 plots
(a) time exponent n and (b) temperature activation E, as a function of power-law
field acceleration I'g for SION and HKMG devices. Note that reduction in n or E
nicely correlates to reduction in I'g for both SiON and HKMG devices containing
larger N density in the gate insulator stack. As mentioned earlier in this chapter,
increased N concentration also results in larger AVy during NBTI stress. Therefore,
I'g can be used as an overall monitor of gate insulator quality, with higher I'g
signifying better quality and vice versa.

Figure 4.35 plots the oxide field dependence of AV for NBTI stress in different
production quality SION and HKMG devices [18], extracted from published reports
across multiple technologies [22, 24, 25, 65, 66]. Although physics-based analysis
would suggest the correct field dependent expression as shown in Table 4.1 [57], a
power-law Eox dependence is used for ease of comparison across published reports.
Power-law Egyx dependence having acceleration factor of I'r ~ 4 is universally
observed for different SiON and gate first (GF) HKMG devices, and ['g becomes
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energy E, to power-law field acceleration 'y for NBTI stress in different SION and HKMG
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larger for RMG HKMG devices. As shown in Fig. 4.35b, increase in I'g is associated
with reduction in AVt magnitude for RMG HKMG compared to SiON devices.
However, note that I'g reduces slightly with slight increase in AVt magnitude as
RMG HKMG technology is scaled. Moreover as a comparison, the Eqx dependence
of AN;t obtained using DCIV method in gate first HKMG devices after delay and
band gap correction is also plotted in Fig. 4.35a [13]. A power-law dependence of
I'e ~ 4 is also obtained as shown, which is consistent with AVt measurement data,
and verifies identical Eqx dependence for AVyr and AVyr subcomponents.

4.6 PBTI Process Dependence in HKMG n-MOSFETSs

In this section, the physics-based PBTI compact model discussed in Table 4.2 is
validated against different HKMG devices listed in Table 4.4. The model has trap
generation subcomponents located at IL/High-K interface (AVit.gk) as well as in
High-K bulk (AVot.Hk), refer to Fig. 4.1, which are independently verified using
DCIV and SILC measurements respectively, refer to Chap. 3 for additional details.
As discussed in Chap. 2 and shown in Fig. 4.36, DCIV method probes traps aligned
with the center of the Si band gap and SILC probes traps that are closer to High-K
conduction band. Moreover as also discussed in Chap. 2, DCIV estimated traps are
corrected for both measurement delay and band gap,® while SILC estimated traps

*The energy zone corresponding to trap generation at IL/High-K interface during PBTI stress is not
known. Since kinetics of trap generation at channel/IL interface for NBTI and IL/High-K interface
for PBTI is remarkably similar, see Chap. 3, identical band gap correction factor is assumed for
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Fig. 4.36 Energy band High-K 1L Channel
diagram of a HKMG gate
stack illustrating traps probed SILC
by DCIV and SILC methods /
0
[ T —
DCIV

are corrected for measurement delay. Pre-stress High-K bulk trap density is inde-
pendently estimated using flicker noise measurements, refer to Chap. 2, and these
traps are responsible for electron trapping (AVgr) during PBTI stress. Overall AVy
is measured using UF-MSM method and modeled as uncorrelated sum of AVt yk,
AVgr and AVgr.yk subcomponents [32, 34], see Table 4.2 for model equations and
list of fixed and process dependent parameters.

Figure 4.37 shows the time evolution of UF-MSM measured AVr (left panels) as
well as of DCIV measured AVir.yk and SILC measured AVor.gk (right panels) in
different HKMG n-MOSFETs for PBTI stress at constant V_gtr and 7. Contrary to
NBTI data shown earlier, D3 and D4 devices having nitrided gate insulator stacks
show lower PBTI degradation and lower trap generation compared to non-nitrided
D1 and D2 devices. Long-time degradation has power-law time dependence, with
similar time exponent n for AVt and AVityk, but large n for AVor.yk. Model
prediction for AVt and underlying AVit.gk, AVer and AVor.gx subcomponents are
also shown. The model can successfully estimate measured time evolution of AVr,
AVirak and AVorpk, and uses a saturated value for AVgr. Device dependent
variable parameter values are listed in Table 4.10 and fixed parameters are listed in
Table 4.2. Note that AVir.yx dominates overall AV for non-nitrided devices D1
and D2. Although AVgr increases significantly and AViryk reduces slightly for
nitrided devices D3 and D4, AVt g still dominates AVt especially at longer fgTg.
For all devices, AVqor.uk contribution is much less as shown.

Figure 4.38 plots UF-MSM measured time evolution of AVy at different Vg.str
and T for PBTI stress different HKMG n-MOSFETs. Compact model calculations
are also plotted; fixed and device dependent parameters are listed in Tables 4.2 and
4.10, respectively. Note that six device dependent parameters are used; pre-factors
A, B and C corresponding to AVir.yk, AVer and AVor.yk subcomponents, oxide
field acceleration factors I'yt.gg and I'gr associated with AVirpgkx and AVgr, and

(Footnote 3 continued)

NBTI and PBTI stress. Universal recovery expression is used for measurement delay correction.
Refer to Chap. 2 for details.


http://dx.doi.org/10.1007/978-81-322-2508-9_2
http://dx.doi.org/10.1007/978-81-322-2508-9_2

4 Physical Mechanism of BTI Degradation ... 169

Viem = 1.5V, T=125°C
Experimental Data: O AV_(mV), A AV (mV), O AV (mV)
Model Prediction: AV (mV), —— AV (mV), ——AV_(mV), ——AV . (mV);

@ 100 g)) 100 W

E 1ok %’?‘E:’HSE_H_E_ é

N = 10t

=i ]

1S) 1= g £

=] <

< =

el

2 1E-4 L /WD/Q/D/O/ gﬁ B4l /6/6/9/9/9/9/

) DI 3 D2

—UIE'S 0 ‘1 ‘2 ‘3 3 1E-S 0 ‘1 ‘z ‘3 3
2x10° 10 10 10 6x10 3x10" 10 10 10 5x10

stress time (s) stress time (s)

c d

S\) 100 £ (,_\) 100 L

> >

E | gpggsRRE | EF | poggrtEe

= 10¢ = 10k

.8 4 .S .

= =

E Me/e/ 2 1E4

5 1E-4L 5 B4

() ()

o D3 o D4

1E-5 . I I 1E-5 I I I
2x10° 10 10 10 6x10° 2x10° 10 10 10 6x10°
stress time () stress time (s)

Fig. 4.37 Time evolution of UF-MSM measured AV, DCIV measured AV i as well as SILC
measured AVor.yk (symbols) for PBTI stress in different HKMG n-MOSFETs. Refer to Table 4.4
for device details. Compact model calculation (/ines) of overall AVt and underlying trapping and
trap generation subcomponents are shown. DCIV data plotted after delay and band gap correction,
SILC data after delay correction

Table 4.10 HKMG process dependent PBTI compact model parameters

Device no. | o <V 01111 Slm) B (V é:m) C(cm™?) - (%) ey (%> Earr-uk (€V)
HKMG D1 | 8E10 3E09 4E13 0.23 0.21 0.24

HKMG D2 | 8.65E10 3E09 2.5E13 0.18 0.206 0.206
HKMG D3 | 1.1E10 6.5E09 2E13 0.205 0.19 0.19

HKMG D4 | 4.3E10 TE09 2.1E13 0.188 0.206 0.206

T activation Earr.pg for AVitpk [32, 34]. Unlike NBTI, the field acceleration
parameters I'ir.yx and I'gr associated with trap generation and trapping respectively
at IL/High-K interface and High-K bulk are found to be somewhat different, which
likely indicates different physical mechanisms for these processes and need further
investigation. It is important to remark that trap generation reduces while trapping
increases for nitrided devices, which gets reflected in device dependent pre-factors
A, B, and C as evident from Table 4.10. The compact model can predict measured
data quite well as shown.
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Fig. 4.38 Time evolution of UF-MSM measured AV (symbols) and compact model calculation
(lines) for PBTI stress at different Vg.str and 7 in n-MOSFETs having different HKMG gate
insulator stacks

Figures 4.39 and 4.40 respectively plots Eqx and T dependence of UF-MSM
measured AVy, DCIV measured AVir_gk and SILC measured AVgor.gi at fixed fgtr
for PBTI stress in different HKMG devices. As mentioned before, as-measured
DCIV and SILC data are corrected for comparison with UF-MSM data.

Note that the magnitude, Eqox and T dependence of AVy and AVt are
remarkably similar, and this similarity holds good for all devices, however, the
corresponding values for AVgr.yk are significantly different as shown. This reaf-
firms the dominance of IL/High-K interface trap generation on PBTI degradation.
The model prediction of AVt and its underlying AVir.uk, AVer and AVor.pk
subcomponents are shown, calculated by using fixed and device dependent
parameters shown in Tables 4.2 and 4.10 respectively; calculated degradation is in
good agreement with measurements. Note that AVir_yk is always larger than AVgr,
although the former reduces slightly while the latter increases for nitrided devices
D3 and D4 as shown. Since AVgr has lower T activation than AVip gk as evident
from listed model parameters, relative increase in contribution from AVgr reduces
the overall T activation of AVr for nitrided devices, and verifies the uncoupled
nature of trap generation and trapping processes.



4 Physical Mechanism of BTI Degradation ... 171

Experimental Data: O AV, (mV), A AV V), O AV (mV)
Model prediction : —— AV, (mV),—/— AV, (mV),——AV_ (mV),——AV_ . (mV)
@ 54 (b) 500
é 10 b = 10L /
5 1} __—— =< & 1}
_<§ 0.1¢L o —§ 0.1 [
5 0.01F EO 0.01 [
S B3} ‘ DU maEsd ‘ P2
4 6 8 10 4 6 8 10 12
Eox (MV/cm) EOX (MV/cm)
© 500 (d) 500
S 100f S 100}
e
g 1l g
§ 0.1F -§ 0.1F
;5)0 0.01 F ED 0.01[
S jE3b.C, ‘ B S Esf O ‘ D
5 6 8 10 12 14 5 6 8 10 12
E x (MV/cm) E x (MV/cm)

Fig. 4.39 UF-MSM measured AVr, DCIV measured AVr_yk after delay and band gap corrections
and SILC measured AVor i after delay correction (symbols) at fixed fsgr as a function of stress
Eox for PBTI stress in n-MOSFETS having different HKMG gate insulator stacks. Compact model
prediction (lines) of AVy and underlying trap generation and trapping subcomponents are shown.
Eox dependence is plotted in a log—log scale

Figure 4.41 correlates independently measured (a) AVit.yx from DCIV and
(b) AVor.ak from SILC at fixed fstr to the corresponding values calculated using
the compact model of Table 4.2, for PBTI stress using different Eqx and T in
different HKMG devices. Once again, as-measured DCIV and SILC data are
suitably corrected. Figure 4.41c correlates pre-stress High-K trap density measured
using flicker noise method to model calculated fractional electron trapping (AVgy/
AVr) for different devices. Model calculation agrees well with measurement and
hence verifies the accuracy of underlying subcomponents and overall PBTI
degradation.

Note that pre-stress High-K trap density depends on gate insulator process and
determines the AVer subcomponent of overall AVt as shown in Fig. 4.41c. Since
AVgr saturates at long fgtr as described in Table 4.2 while AVirgk and AVor.pk
evolve in time with power-law dependence having exponent n ~ 1/6 and n ~ 1/3,
respectively, larger relative contribution from AVt would reduce the time exponent
n of overall AVy. Figure 4.42a plots the correlation of measured time exponent n to
calculated fractional electron trapping contribution (AVg/AVr) for different HKMG
devices listed in Table 4.4. Data published in different reports [31, 67, 68, 69] are also
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Fig. 440 UF-MSM measured AVr, DCIV measured AVir_yk after delay and band gap corrections
and SILC measured AVt i after delay correction (symbols) at fixed fsrgr as a function of stress
T for PBTI stress in n-MOSFETs having different HKMG gate insulator stacks. Compact model
prediction (lines) of AVt and underlying trap generation and trapping subcomponents are shown

analyzed and shown. Time exponent 7 is calculated by linear regression of measured
data in tgTg range of 10 s to 1 Ks, and AVg1/AVris calculated at fixed Eox, T and tstr
using the calibrated compact model. Note that measured n reduces with increased
trapping fraction as expected, and a remarkable consistency is observed across dif-
ferent devices that verifies the assumption that electron trapping saturates at longer
stress time. Moreover, since AVgr has lower T activation than AVit_gk and AVorpk,
larger fractional AVgr contribution would reduce the T activation of overall AVr,
hence n and E5 would reduce in tandem for devices having higher as-processes HK
defects. Figure 4.42b correlates measured n and E, for different HKMG devices of
Table 4.4 and verifies the above hypothesis.

The impact of EOT scaling of HKMG gate insulator stacks on PBTI degradation
and its parameters is of interest, and is discussed in Chap. 1, Fig. 1.28. As men-
tioned earlier in this chapter, EOT scaling of HKMG devices listed in Table 4.4 is
achieved either by IL thickness scaling (D2), or by post High-K nitridation (D3), or
by nitrided IL (D4). Figure 4.43a plots measured AVy, AVit.yk and AVor.pk
obtained respectively by UF-MSM, delay and band gap corrected DCIV and delay
corrected SILC measurements at a particular Egx, T, and fstg as a function of IL
thickness for different HKMG devices. The AVgt subcomponent is estimated from
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Fig. 4.43 Impact of IL thickness scaling on a UF-MSM measured AVr, DCIV measured AVir.pyk
after delay and band gap correction and SILC measured AVor.pk after delay correction for PBTI
stress in HKMG p-MOSFETs at fixed #gtgr; estimated AVgr subcomponent is also shown. b IL
thickness scaling impact on compact model calculated AVr, and underlying AVirpk, AVornk,
and AVgt subcomponents at end-of-life (10 years)

the difference and is also shown. Figure 4.43b shows IL thickness dependence of
AVy and its underlying AVirpk, AVer, and AVor.yk subcomponents at the
end-of-life of 10 years, calculated using the calibrated compact model at a fixed
Eox and T. As shown, AVgr increases as IL is scaled especially for gate stacks D3
and D4 having higher N density, refer to [13] for additional details. However, since
AVit.uk dominates AVt and more so at end-of-life; a reduction in AVit.yk causes
reduction in AVr, in spite of increase in AVgr, for nitrided devices having scaled IL.
The AVor.pk subcomponent remains negligible as shown. Therefore, unlike NBTI,
IL scaling achieved by nitridation reduces PBTI degradation, and has significant
impact on technology scaling.

4.7 Summary

The physical mechanism responsible for NBTI and PBTI degradation respectively
in p- and n-channel MOSFETs is explored in devices having different gate insulator
processes. A compact model is developed to predict time evolution of measured
AVy at different stress bias and temperature, for NBTT stress in Si planar devices
having differently processed SION and HKMG gate insulators, SiGe planar devices
without and with Si cap as well as in Si channel FinFETs, having HKMG gate
insulators, and for PBTI stress in differently processed Si planar HKMG devices.
The NBTI compact model consists of trap generation at channel/gate insulator
interface and in gate insulator bulk, although the latter is found to be negligible for
HKMG devices, as well as hole trapping in gate insulator bulk. Transconductance
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degradation is negligible that suggests creation of defects away from channel for
PBTI stress. Therefore, the PBTI compact model for HKMG stacks consists of trap
generation at the IL/High-K interface and High-K bulk, and electron trapping in
High-K bulk, and IL remains undegraded. Overall, AVt is modeled using uncor-
related sum of underlying trap generation and trapping subcomponents.

Trap generation during NBTI stress in SiON and HKMG p-MOSFETs is
independently estimated using CP and DCIV techniques, respectively. For PBTI
stress, trap generation at the IL/High-K interface and High-K bulk is estimated
respectively using DCIV and SILC techniques. Time evolution of as-measured
generated traps from CP and DCIV is corrected for measurement delay and band
gap, while that from SILC is corrected for measurement delay, for proper com-
parison with measured time evolution of overall AVy. Pre-stress trap density is
estimated using the flicker noise technique and is responsible for hole and electron
trapping respectively for NBTI and PBTI stress.

The compact model with consistent set of calibrated model parameters can
predict AV time evolution for NBTI and PBTI stress in different devices and under
different stress conditions, and calculated underlying model subcomponents agree
well with independently measured contribution from trap generation and trapping.
It is shown that trap generation at channel/gate insulator interface for NBTI and at
the IL/High-K interface for PBTI demonstrate remarkably similar time dependent
kinetics of power-law time dependence with time exponent n ~ 1/6. These gen-
erated traps dominate the time evolution of overall AVt and explains similar
kinetics observed between NBTI and PBTI stress. The trapping subcomponent
saturates at longer time and has weaker T activation as compared to trap generation,
and reduces the time exponent and T activation of overall AVy, especially for
processes leading to large pre-existing gate insulator defects. However, since
trapping saturates at long stress time and bulk trap generation becomes negligible at
low voltage use condition due to large voltage de-acceleration factor, the end-of-life
BTI degradation is always determined by kinetics of interface trap generation for all
process variations studied in this chapter.
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Chapter 5
Reaction-Diffusion Model

Ahmad Ehteshamul Islam, Nilesh Goel, Souvik Mahapatra
and Muhammad Ashraful Alam

Abstract This chapter discusses different aspects of the Reaction-Diffusion
(RD) model used to interpret dissociation and reformation of the Si—H bonds (in
other words, creation and reverse-anneal of dangling Si-bonds or interface traps)
present at the silicon/oxide interfaces of a CMOS transistor. The theory presented in
this chapter is later combined with other features of NBTI to interpret measure-
ments in Chap. 6. The reaction part of the R-D model interprets the chemical
reactions like Si—H bond dissociation and reformation taking place at the interface,
while the diffusion part interprets the transport of Hydrogen species in the oxide and
the gate medium. In the NBTI stress phase with a particular stress bias, the Si—H
bond dissociation initiates generation of interface traps over time, which later
reaches quasi-equilibrium with the diffusive components. After that the diffusion of
Hydrogen species defines the time evolution of interface trap generation with a
power law. The power-law time exponent is a unique signature of the diffusing
species and it shows no variation with the change in stress conditions (bias, tem-
perature and frequency). In the NBTI relaxation phase, the diffusion of Hydrogen
species also defines the time evolution of interface trap repassivation. This single
dependence of the time evolution, in both stress and relaxation phases, only on the
diffusing species leads to frequency independence of interface trap generation—a
distinct feature of NBTI measured over a wide range of transistors.
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5.1 Introduction

The silicon/oxide interface dictates charge transport in modern CMOS transistors.
This interface is generally passivated with Hydrogen, which converts the interface
traps (or dangling Si- bonds) having a density of ~10'> cm™ into Si—H bonds
[1-7]. The residual trap density after Hydrogen passivation is ~ 10'° ¢cm™ or even
below [8—10]. Application of negative gate bias Vg.grr at an elevated temperature
during NBTI stress, stretches the Si—H bonds and recreates the interface traps
[11-15]. The dissociation of Si—H bond (reaction) generates Hydrogen species that
move away from the interface (diffusion)—a phenomenon that can be easily cap-
tured using a Reaction-Diffusion (RD) framework. Starting from the pioneering
work of Jeppson et al., successive refinements of RD model have interpreted a
broad range of NBTI experiments [11-25]. Differences in these refinements depend
on how one interprets: (a) the Si—H bond dissociation and (b) the type of Hydrogen
species moving away from the interface. In the following sections, we start with the
RD model proposed by Jeppson and Svensson [12], which has been reinterpreted
by Alam and Mahapatra [14], and later explain the existing variants of this original
proposal. In general, RD model seeks to capture the following key aspects of NBTI
as observed in measurements over a wide range of transistors with variations in
Vs-str, temperature T, stress cycle, gate dielectric, and channel strain:

e RD model captures the time evolution of the interface trap component (AVyt) of
threshold voltage degradation (AVr). As elaborated in Chaps. 4 and 6, one
should decompose AVy appropriately into its components before comparison
with RD theory (Fig. 5.1).

e In the stress phase, the RD theory studies the origin of power-law change in
AVyr over time (i.e., AVt ~ 7). As discussed in Chap. 3, the time exponent
(n) in stress phase is a unique feature of NBTL

end of stress measurement
start of recovery measurement

degradation

time (log scale)

Fig. 5.1 Schematic illustration of different components of threshold voltage shift (AVr), measured
during NBTI stress and relaxation experiments. This chapter discusses the theory of interface trap
component (AVir and AViry), while Sect. 6.3 discusses the extension of the theory to include fast
electron capture into the interface traps going below the Fermi level (AVir), hole trapping into
pre-existing (AVyt) and generated (AVor) oxide defects. In the stress phase, AVir versus time
follows power-law with time exponent (n); while in the relaxation phase, AVir, responds slowly
compared to the other components
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e In the relaxation phase, the RD theory studies the nature of interface trap pas-
sivation. As discussed in Sect. 6.3, NBTI experiments suggest this passivation
(AVir, of Fig. 5.1) to be slower than the fast electron capture by the interface
traps going below the Fermi level (AVit; of Fig. 5.1) and the hole trapping
components (AVyt and AV in Fig. 5.1).

In the following sections, we will elaborate on the evolution of interface traps in
the stress and relaxation phase of NBTI based on the RD theory.

5.2 RD Formalism for the NBTI Stress Phase

This first proposal of RD model by Jeppson and Svensson [12] for interface trap
generation considers the following dissociation reaction:

Sis=Si—H+Y < Si;=Si—+X (5.1)

where a chemical species Y reacts with the Si—H bond at the interface and creates
interface defect (the dangling Si- bond) and a neutral species X (atomic Hydrogen
H) that diffuses away from the interface (Fig. 5.2a). The following set of differential
equations captures the reaction and diffusion steps:

(a)
Substrate Oxide Gate

(b)

~(16D,t /)

Atomic hydrogen H conc.

LI T T mm

Distance from Si/SiO, interface (2)

Fig. 5.2 a Schematic representation of Si—H bond dissociation, as per (5.1), and diffusion of
species X (=H). b Diffusion front at time ¢ reaches z~ +/Dyt. The diffusion profile (symbols;
obtained from numerical simulation) can be approximated using the dotted line that facilitates
calculation of total diffusing species within the medium, as performed in (5.6)
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ONit

e kr(No — Nit) — kg NyrNLV (5.2)
ON, O*N,
P Dy 92 (5.3)

where kg is the Si—H bond dissociation rate (influence of Y as a catalyst is con-
sidered within this factor), kg is the backward reaction or Si- annealing rate, N is
the initial (# = 0) concentration of Si—H bonds, N is the interface trap density, Nx
is the concentration of X along the z-axis (superscript (1) indicates near Si/SiO,
interface quantities), and Dy is the diffusion co-efficient of X within the diffusing
media (like oxide and gate). The fluxes of (5.2)—(5.3) are balanced by the following
boundary condition:

0 [1 ) _(9N1T 6N)((l)
0 1] < s

X ot X0z

where ¢ is the interfacial layer thickness approximately equal to the Si—H bond
length § ~1.5 A [12], and superscript (1) indicates near Si/SiO, interface quanti-
ties. Equation (5.4) suggests that Nx is increased by Si—H bond dissociation and is
decreased by the outward diffusion flux.

At t > 0, when the rate of diffusion defines the overall kinetics, the surface
reaction is in quasi-equilibrium, i.e., ONyr/0f ~ 0 and hence (5.2) yields:

kgNy = kRN)((UNn‘ (55)

The solution of (5.3) is an error function ~erfc|z/+/(Dxt)] that can be
approximated using a triangular profile with significant values of Ny from z =0 to

v/ (16Dxt/7) (Fig. 5.2b) [16, 17, 26, 27]. The integral of X from z = 0 to co equals
NiT, so that one obtains:

N /16Dyt /n (5.6)

| =

=00
Nir = / ]VX(Z7 l)dZ =
z=0

Combining (5.5) and (5.6), we have:

12
Ny = ("Fk—NO> (4Dt /m)* (5.7)
R
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which suggests interface trap generation to have a power-law time exponent,
n = 1/4." When the forward and reverse reactions, as well as the diffusion process,
have Arrhenius temperature activation in the form of ~exp[-Ea/kT], where E4 is
the activation energy, (5.7) suggests:

1

2 i

Eaxk — Eaxr — aEox )+~ Ea px, (5.8)

Earr = 1

where, Ea xp, Ea xr» Eapx, and Ea 1 are the activation energies for kg, kg, Dx, and
interface trap, respectively; and aEgx represents the field-induced barrier reduction
for Si—H bond dissociation with a being the effective dipole moment. We will
discuss this field-induced barrier reduction in more detail later in Sect. 5.6.

5.2.1 Diffusing/Drifting Species in RD Formalism

Jeppson’s model did not explicitly identify the diffusing species or the diffusion
mechanism. The Hydrogen released from the Si—H bond can diffuse or drift as a
neutral atom H, or as a proton H', or as a molecule H,, or in any of their com-
binations. As shown below, these species and their diffusion mechanism define
critical parameters of the RD solution.

5.2.1.1 H and H, Diffusion with Direct H-H, Conversion

In a general sense, atomic H released from Si—H dissociation can diffuse away from
the interface, dimerize with another H, and form H, that can also diffuse away from
the interface (see Fig. 5.3 for a schematic representation). (An alternate method of
second interface assisted H — H, conversion is discussed in the next section.) The
following equations define the related kinetics [16, 17, 19, 20]:

dn,
d—t‘T = kp(No — Nit) — ke NirNY (5.9)
sdNt avy am 2
T = Dy S Sty [N ok
2 dr dz | drt (5.10)
ANy vy o m1?_ 9 (1)
¢ :D——k[N}——kN
2 dr m =g, TR Ve "R

"This solution is intriguing, as among many differential equations used to describe natural phe-
nomena in this universe, RD is a unique one that gives a robust power-law time exponent for
several decades in time, whose value depends only on nature of diffusion.
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(a)

Substrate Oxide Gate

(b)

2

~V(16D,,,t/r)

Conc. of Hand H
(log-scale)

~\(16D, t/r)

o~

Distance from the Si/SiO, interface (2)

Fig. 5.3 a Schematic illustration of Si—H bond dissociation and H, H, diffusion during NBTI
stress. b At long stress time, the concentration of H (Ny) is small compared to that for Hy (NVy)
and hence diffusion of H, dominates the kinetics of interface trap generation

dN d°N
M = Dy~ — kg (Nu)* ki Nz,
d]\(;lt :2ZN | . (5.11)
H2 H2 2
=D —ky(Ny)"— = kN,
a R +2 1(Nu) 5 f2lVi2,

As before, (5.9) represents the passivation/de-passivation of Si—H bond, (5.10)
the conservation of fluxes near the interface, and (5.11) the diffusion of H and H,
within the oxide and gate. The kH(NH)2 and kN terms in (5.10) and (5.11)
describe the H-H, conversion. Among the new symbols, ky, ki, represent gener-
ation and dissociation rates of H,; Dy, Dy, represent the diffusion coefficients for H
and Hy; and Ny, Ny, represent the concentration of H and H,.

To obtain an analytical solution of (5.9, 5.10, 5.11), we assume Ny > Nit
[20-22], dNy/dt ~ Nyplt [14, 23], AN /dt ~ 0 and negligible diffusion for H. All
of these assumptions are based on detailed numerical simulation [20, 22]. The
assumptions simplify (5.9) and (5.10) to the following equations:

(1) _ keNo — Nir/t
Ny =———— 5.12
H kRNIT ( )

N, 2
T bk (ng”) kN (5.13)
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Moreover, the numerical solution of H, profile (Fig. 5.3b) allows a triangular
approximation and in a manner similar to (5.6), we can write:

Nir ~ N\ /6Dt (5.14)

Note that the extent of diffusion profile v/6Dy,t used in (5.14) exactly captures
the solution of diffusion equation [20] and is consistent with /(16Dy,?/) used to

capture the diffusion profile [26, 27]. Eliminating NI({I) and NSZ) from (5.12) to
(5.14), we find:

Nir Sku(keNo — Nir/1)* Sk,
Nir 1 (kg 20 . /1) 4 T (5.15)
t kRNIT \/m

Figure 5.4 compares the numerical solution of (5.9)—(5.11) with the (implicit)
analytical solution of (5.15) that agrees within 20 % over ~ 10 decades in stress time.
Equation (5.15) reduces to—(i) the reaction-limited solution Nyt = kgNot, when the
first and third terms become negligible at very short stress time, (ii) the H, diffusion
limited solution Nyp = (kua/ki) "> (keNo/kr) > (6Diat)'’®, when Nyr/t becomes negli-
gible at the long stress time. At an intermediate stress time, the diffusive term (third
term) in (5.15) is negligible and kgNy >> Nip/t, which yields the solution of
Nir = (kFNO/kR)Z/ 3((5kHt)”3 —the signature of H-H, conversion [20]. Using the
approximation of (5.15) at long stress time (when H, diffusion dominates the
kinetics), one can estimate the following expression of activation energy for Nyt:

2 1 1
Earr = 3 (EA,kF — EAxr — anx)+ EEA‘DH2+ 3 (EA,kH - EA,kHZ) (5.16)
10°
Symbol: Eq.5.15
10! Line: Numerical
S
g 10t
&
>
10" |
107
10° 10* 107 10° 10° 10*

stress time (s)

Fig. 5.4 Comparison of numerical solution of ANt (lines) from (5.9) to (5.11) with analytical
solution using (5.15) (symbols). Simulation is performed for a transistor having effective oxide
thickness: 2.2 nm, stressed at 7 = 125 °C and at the voltages mentioned in the legend
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5.2.1.2 H and H, Diffusion with a Second-Interface Assisted
Dimerization

As an alternative to the direct H to H, dimerization discussed in the last section,
dimerization can also result from reactions involving both the first Si/SiO, interface
and at a second interface (like the SiO,/poly gate interface [21, 24]), as follows:

Si3=Si —H+h" <« Si3z=Si" +H (at Si/SiO; interface or first interface)
Siz=Si—-H+H <« Siz=Si—+H; (atsecond interface)
(5.17)

The creation of dangling Si- bonds at a second interface like SiO,/poly has been
confirmed using low-voltage stress induced leakage current (LV-SILC) experiments
[23, 24]. The following rate equations describe the kinetics of the reactions pre-
sented in (5.17):

dNir(
dt( h= keay (Noqty = Niv(ry) = ke Nery Ny (5.18)
dNrre2
dt( L= ke (Now) — Niv) )N — ke Nir) My (5.19)

where variables with (1) and (2) represent the quantities at the first and second
interfaces, respectively. A numerical solution of (5.18)—(5.19) with appropriate
boundary conditions suggests 1/6 time exponent at long stress time, similar to the
single interface H-H,RD model with direct H to H, dimerization (Fig. 5.5), with
some differences near the reaction (n ~ 1) to diffusion (n ~ 1/6) transitions [21,
23]. For transistors with SiO,/high-K gate dielectric, the second interface for the
above two-interface reactions will be at the SiO,/high-K interface, as illustrated

Fig. 5.5 Comparision of 10"
ANyt time evolution of increasing kl,(l)
single-interface and 10" £
two-interface RD models for
two different kg values _ 10
corresponding to first "g
interface reaction S 10k
E
z
10° —O0——0— single interface
— two interface
10’
106 al wl n ul ul aul i
10° 10* 107 10° 107 10*

stress time (s)
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in Fig. 6.4. The RD analysis for this SiO,/high-K interface, however, remains the
same as that for the SiO,/poly interface presented above.

5.2.1.3 H,-Only Diffusion

As an approximation to the generalized H-H, based RD models discussed above,
we assume H to H, dimerization only at the silicon/oxide interface using the
following chemical reaction:

2Si3=Si —H+2h" «  2Si3=Si" + H,. (5.20)
The kinetics of (5.20) can be captured using the following rate equation, where

2
we consider {Ng)} ~ [Ngz)} for the bimolecular reaction:

ONir

5, = ke(No = Nir) — ke Nir N (5.21)

The same procedure used in (5.2)-(5.7) yields,

kN, 2/3
Nyt ~ ( ZRO) (4Dypat /) "°. (5.22)

The RD framework with H, diffusion, therefore, predicts a power-law time
exponent, n ~ 1/6 and the following activation energy [steps are same as that in
(5.8)] for the interface trap generation:

2 1
Eagr = 3 (Eaxr — Eaxr — aEox) + ¢ Eann,- (5.23)

5.2.1.4 H-Only Diffusion

Analysis for RD framework with H-only diffusion is same as Jeppson’s RD analysis
in (5.1)~(5.8) with the replacement of X with H and Y with h*.

5.2.1.5 Drift of Proton (H*)

Protons may be produced from the dissociation of Si—H bonds as follows:

Siz=Si—-H+h" < Si3=Si"+H

5.24
H+h"™ < H ( )
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Just as in (5.5), consideration of dynamic equilibrium between dissociation and
annealing for ¢ >> 0 yields:

kpNo = kRNI({OENIT. (525)
Under NBTI stress condition, protons will drift faster than diffusion, so that we
can estimate the amount of Nyt at ¢ > 0 (Fig. 5.6) using [16]:

=00
Nir = / Ny (z,1)dz ~ N gy Eoxt (5.26)
z=0

where uy, is the mobility of H" and Egx is the applied electric field under NBTI
stress. Combining (5.25) and (5.26), we obtain:

keN, 1/2
Nir ~ ( ‘;CRO ,uHE> 12, (5.27)

that suggests n = ' for proton diffusion.

(a)

Substrate Oxide Gate

(b)

H+

~Hy Boit

-V

Distance from Si/SiO, interface (z)

Concentration of proton (H")

Fig. 5.6 a Schematic illustration of Si—H bond dissociation and drift (that dominates over
diffusion) of H*. b Drift front at time ¢ reaches uy, Eox? and can be approximated using a rectangle
[16], as used in (5.26)
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5.2.2 Features of RD Formalism for NBTI Stress Phase

Figure 5.7 shows a generalized schematic for the time evolution of AVt for the
NBTI stress phase in a log-log scale. For short stress time, AVir ~ Nyt = kgNot for
any diffusing species that explains the unity time exponent in that region. For a
higher stress time, the diffusion of Hydrogen species and H to H, dimerization
reduces the time exponent from unity. The time exponent in this transient phase
depends on the type of RD model under consideration (e.g., equals 1/3 for the RD
model with H and H,diffusion and direct H to H, dimerization [18]). At long stress
time, time exponent settles down to # and its magnitude is a unique signature of the
diffusing species under consideration. For atomic H, molecular H, and proton, 7 is
1/4, 1/6, and 1/2, respectively, irrespective of the mechanism of H to H, conversion,
stress voltage, temperature, gate dielectric, and channel strain. However, when a
transistor is stressed at a fixed Vg.grr for a long time, a typical case for NBTI
experiments, there is a reduction of time exponent from the n values mentioned
above [20]. A long-duration NBTI stress at a fixed Vg_str increases the threshold
voltage of a transistor and reduces the oxide electric field from its value at the
beginning of NBTI stress. This reduced electric field breaks the Si—H bond at a
lower rate and hence causes reduction in the time exponent. This particular aspect
of soft-saturation at a long stress time is very important to predict NBTT lifetime, as
a reduction in time exponent can significantly increase the lifetime of a transistor at
a certain operating condition, thus relax the reliability criteria for transistor
designers. Figure 5.8 shows variation in the time exponent as a function of stress
time for various stress bias for the transistor analyzed in Fig. 5.4 using H-H,RD
model. The time exponent reduces from the robust n ~ 1/6 value at a rate of
on ~ 0.005/decades with the reduction being higher for higher Vg_gtr.

Fig. 5.7 A generalized A
schematic for temporal
evolution of AV}t in a log—log
scale. The slope of the
degradation changes from 1 to
n over time. The magnitude of
n and also the slope in the
transition region (highlighted
using dashed circle) depend
on the diffusing species

log (AVy)

slope = 1

log (time)
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Fig. 5.8 Decrease in long-term time exponent (soft-saturation) due to the reduction of stress field
with time, when the transistor studied in Fig. 5.4 is stressed at different Vg_gtr and at 7= 125 °C.
Here, the dashed lines consider the effect of soft-saturation, whereas solid lines do not [20]

5.3 RD Formalism for NBTI Relaxation Phase

One important feature of NBTI-induced generation of interfacial defects is their
reverse-annealing (or relaxation), once NBTI stress voltage is removed [24-31].
This recovery makes NBTI distinct compared to other transistor reliability con-
cerns, such as TDDB [32-38] and HCI [39-41], where generated defects show
negligible recovery. When NBTI stress is removed after a time fstg (i.e., in the
NBTI relaxation phase), the Hydrogen species generated during the stress phase
diffuse back towards the Si/oxide interface and passivates interface traps. Note that
a similar Hydrogen diffusion and dangling Si- bond passivation has been the key for
operation of a CMOS transistor [1—4, 8-10]. The start of interface trap passivation
during the NBTI relaxation phase, therefore, depends on the time required for
backward diffusion of Hydrogen species, which is relatively slow compared to the
other components of NBTI (Fig. 5.1 and Sect. 6.3). In the following discussion, the
physics of this slow start and continuous recovery of interface traps will be elab-
orated based on RD formalism.

If Vg.str is completely removed during NBTI relaxation (the typical case), the
first term in (5.2) drops out, which allows annealing of interface traps or Si- bonds
via backward diffusion of the Hydrogen species. For partial reduction in Vg_.gtr,
some of the interface traps are also passivated. The RD simulation of such relax-
ation with a non-zero stress voltage (Sect. 6.3) requires a change in k as per Sect. 5.
6 in (5.2). A subtraction of this back-diffused Hydrogen component running from
tstr till time 7 (>tsTR), One can write the following expression for Nyt in the typical
relaxation phase [12-25]:


http://dx.doi.org/10.1007/978-81-322-2508-9_6
http://dx.doi.org/10.1007/978-81-322-2508-9_6
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Fig. 5.9 Approximate Hydrogen profile at the start of NBTI relaxation (solid line; t = tstr) and
after a recovery time of trgc (dashed line; t = tstr + trec). See text for the definition of other
parameters

NIT(I > [STR) = NIT(ISTR) — NI*T([) (528)

The calculation of Nj;(r) in (5.28) involves consideration of back-diffused
Hydrogen species near the interface (schematically illustrated in Fig. 5.9) and takes
the form [25]:

Npp(#) = Ny/0Dx(t — ts1R) (5.29)

where & is a constant indicating the asymmetry in diffusion and equals 0.5 for
symmetric diffusion; use of & ~ 0.58 fits detailed simulation of interface defect
passivation [25]. Using Fig. 5.9, a second approximation of Ni1(¢) takes the fol-
lowing form:

NIT(Z‘) =~ N;k( Dxt. (530)

Eliminating N (¢) from (5.28) to (5.30), one obtains the following expression for

Nrt in the relaxation phase:
1
- Etrec
tsTS + IREC

where trpc (=t — tgr) indicates the duration of NBTI relaxation.

The calculations for the relaxation of interface defects presented in (5.28)—(5.31)
is valid in general for any neutral diffusing species (H or H,). Note that, as dis-
cussed in Sect. 5.2, these diffusing species are more relevant for NBTI stress. For
the H-H,RD model with direct H to H, dimerization, RD simulation predicts a 5 %
trap passivation (i.e., 1 — Nip(frec)/Nit(tstr) = 5 %) of defects at trpc ~ 0.005¢51R
and a complete passivation at frgc — ©0. To understand this onset of passivation,
we analyze the H, profile for a transistor stressed at a certain Vg.gtr, T and for
tstr = 1000 s. Figure 5.10 plots the percentage of Hydrogen species (mostly H, for

Nir(trec) = NIT(ISTS)/ (5.31)
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Fig. 5.10 Percentage of H, 100
as a function of distance from
the interface (z) at the end of
stress (Vg.str = —2.3 'V,

T = 125 °C) for a transistor
having 1.4 nm gate dielectric 60 -
after ISTR = 1000 s
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N, %
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position from Si/SiO, interface (nm)

this RD model) at different distances away from the interface and suggests the
presence of ~5 % H, within 4 nm away from the interface. To achieve the recovery
of interface traps from this 5 % H,, one needs trpc ~ 24Dy, ~ 1 s (for
D> ~ 107" ecm? 57! [23]) that supports the analytical calculation using (5.31).

For the second-interface assisted H to H, dimerization, the faster diffusion of
Hydrogen species inside the oxide compared to that in the poly-Si gate results faster
start of interface trap passivation compared to the single-interface model [23], as
confirmed in Fig. 5.11 using a single set of parameters for the single-interface and
double-interface models.

0.9

0.8

0.7

0.6 L —O—single-interface RD model
double-interface RD model

fractional recovery

0.5

0.4 ul L ul ul L ul ul L L
10° 10" 10 10° 10° 10
recovery time (s)

Fig. 5.11 Comparison of interface trap passivation during the NBTI relaxation phase for the
single interface RD model: direct H to H, dimerization (line with symbols) and second interface
assisted H to H, dimerization (solid line). The simulation uses a transistor with 1.4 nm gate
dielectric stressed using Vg.str = —2.3 V, T = 125 °C for tstgr = 1000 s and then relaxed at 0 V
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5.4 RD Formalism for AC NBTI Stress

The passivation of interface traps due to the removal of stress generates some of the
interesting features for the AC NBTI stress, where the stress is turned ON and OFF
periodically at a certain frequency and duty cycle. As diffusion of Hydrogen species
dictates the NBTI dynamics, for the ON state of the first AC cycle (fon), We can
write:

NIT(tON) = At’g)N (532)

where toy is the duration of ON state during AC NBTI stress, A is the pre-factor
containing reaction-rate and diffusion coefficient related terms, and values of
n depends on the diffusing species (see Sect. 5.2). Similarly, we can rewrite (5.31)
to obtain the following expression:

_ Na(P) o) R
fo = Nir(ton) (1 VTP > 14+ /(0 —d)¢ (5:33)

where P is the period and zogr is the duration of OFF state during AC NBTI stress,
d (=ton/P) is the duty cycle, R; is the ratio of Nyt at the end of i-th step of AC stress
(e.g., i = 2 for one complete AC cycle) to Nyt at the end of 1st step; hence, R; = 1.
Note that (5.33) is an exclusive universal function of time and is independent of
voltage, temperature and power-law time exponent. As discussed below, this uni-
versality leads to one of the characteristic feature of RD formalism, namely the
frequency independence of NBTI response. Specifically, consider two transistors
subjected to a long series of NBTI stress-relaxation sequences at two different
frequencies fi and f>. The theory suggests that if integrated operation time remains
the same, i.e., P = Ny * fo = N, * f5, the total degradation also remains the same,
i.e., Nir(f) = Nir(fo).

The proof of this ‘frequency-independence’ is elementary, but involves a tedious
derivation [17]. If the transistor is re-stressed after the first stress-relaxation cycle,
the forward reaction will resume and new traps will be generated. The history of the
traps generated in the complex interplay of stress and relaxation in the first cycle
can be captured in the notion of an ‘equivalent time’, as defined in Fig. 5.12 and
calculated as R,Afon" = At.", or equivalently, t/ton = (R»)"". With this definition
of 7., the number of interface traps generated in the stress phase of second AC cycle
is Nip(P + 1) = Nip(t. + 1) = A(t. + 1)", so that we obtain:

NIT(P + tON) A(le + tON)” ( N1 1
Ry = _ e TIoN) _ 1—|—R"> Ry =1+ R 534
3 NIT(tON) AtoI]T\] 2 3 2 ( )
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Fig. 5.12 a Hydrogen profiles at T and at effective time #.. Here, . is computed such that areas
under both the profiles are same. b One can also compute ¢, by projecting the residual interface
trap density at the end of an AC stress cycle (P) to the degradation curve and then by finding the
corresponding degradation time

In general, R; at the end of ON-state of kth AC cycle is related to that at the end
of (k — Dth AC cycle is given by:

1 1
Ry =1+Ry (5.35)

Following steps similar to the first AC cycle as in (5.28)—(5.30), for the relaxation
phase of the second AC cycle, we can write: Nj;(2P) ~ /EDxtoprNy, Nit(2P)—
Nir(P) =~ \/DxPNj; and Nit(2P) = Nir(P + tox) — Nip(2P). Eliminating Nx and
NfT from these equations, we obtain:

Etorr
P + tON) forr+1oN

Etorr /__Ctorr
torr+1oN torr+IoN
1 V(1 —d
Ry = R; + ( )é R>. (5.37)
1+ /(1 —d)é 1+ /(1 —d)é

A similar argument can be applied for any even numbered AC cycle and hence
(5.37) can be generalized as:

Nir(2P)

Nir(P (5.36)

Ry :;R% 3+&R2k 4
T+ U= T 1+ Ja—-aE T

By combining (5.35) and (5.38), and also by considering Réfc",3 =1+ Réf("ﬂ‘ as an
extension of (5.35) and Ry—3 > 1 (for large number of AC cycles), we find the
following recursion relationship:

[T

(5.38)
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Ry ,=1+Ry 4|1 U-a 1 ). ! + R
= —n 1 - -3
2%—1 2%-3 1+ (1_d>5ng,3 1+ -de 2%-3
(5.39)
which has the following general form:
1 k
Rym— (5.40)
1+ /(1 —d)é

5.4.1 Frequency Independence

Let us now evaluate (5.40) for two AC waveforms with time periods P; (=1/f;) and
P, (=1/f,) and number of cycles k; and k, (>>1). If the duty cycle and the duration of
AC NBTI stress for these two waveforms are same, i.e., k; P, = k,P», the ratio of
generated interface trap can be expressed as:

N, d k" [t "
AC/DC — Ratio = Niri (fi,d) ~ <_1> (%) =1 (5.41)
Nz (f2,d) ko foN2

Therefore, (5.41) establishes that interface trap density for any frequency will be
same, provided the transistor is stressed with same d, in other words, AC NBTI is
frequency independent irrespective of the voltage and temperature of operation.
Anyone familiar with traditional linear systems based on RC circuits would
immediately appreciate the highly unusual nature of the proposition. It is as if one
has defined a broadband filter with same gain starting from a few Hz to 1 GHz with
no variation in the gain!

5.4.2 Duty Cycle Dependence

In the discussion above, we have seen that AC degradation is frequency indepen-
dent for a fixed duty cycle of operation, however, that does not mean that the
AC/DC ratio is fixed for any duty cycle. Obviously, if the duty cycle is close to
100 %, NBTI degradation approaches values as obtained for the DC stress and
degradation disappears for zero duty cycle. To derive this duty cycle dependence,
we use (5.40) and calculate the ratio of the number of interface traps generated at
the end of kth AC cycle and at the end of same duration DC stress, as given below:
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Fig. 5.13 Numerical solution
of duty cycle dependence at 1O |
different frequency compares
well with the analytical Z‘: 0.8 k-
solution of (5.42) <
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N 06}
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AC/DC — Ratio(d) = % ~ (d/ (1 + %)) . (5.42)
IT.DC

As seen in Fig. 5.13, (5.42) matches the numerical solution and establishes the
duty cycle dependence of AC/DC-Ratio as a universal observation for any
frequency.

5.5 Key Features of RD Theory

RD theory makes the following four unique and self-consistent predictions for
NBTI without any adjustable parameters:

(a) At long stress time, interface trap generation is described by a power-law, i.e.,
Nit(t) = Ar"

(b) Once the stress is removed, the relaxation given by (5.31) is only a function of
IREC/TSTR

(c) For a given duty cycle, the ratio of degradation due to DC stress and AC stress
is frequency independent

(d) AC/DC-Ratio for any frequency is a unique function of the duty cycle.

These features of RD theory are critical for NBTI reliability projection and
equivalent circuit modeling. For example, if instead of a power-law, NBTI deg-
radation had been described by Nyr(f) = Bln(#), and if the AC/DC ratio decreased
with frequency, NBTI would have become an unimportant reliability phenomenon
at high-frequency and for long period of usage.
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5.6 Mechanism of Si—H Bond Dissociation

The mechanism of Si—H bond dissociation defines the factor kg in (5.7), (5.15),
(5.27) and the factor kg(;) in (5.18), thus critically controls interface trap generation
at different Vg_str- Though first-principle calculations [42, 43] suggest large energy
barrier ~2.5 eV (which in presence of hole reduces to ~2.3 eV) and endothermic
reaction (with reaction energy ~2 eV) for the Si—H bond dissociation, application
of electric field under NBTT stress reduces the energy barrier and makes the reaction
exothermic [20, 27].> The field dependence of interface trap generation has been
considered using several empirical field models, e.g., exponential model with a
dissociation factor & exp(yE) [44, 45], power-law model with the factor o (E)’ [47],
and mixed model with the factor & Eexp(yE) [14, 21, 47, 48], where y is the field
acceleration factor. As shown below, a physical consideration of Si—H bond stretch
and dissociation [14, 47] can validate the model with Eexp(yE) dissociation factor
for proper estimation of NBTI lifetime at operating conditions.

5.6.1 Hole-Assisted, Field-Enhanced, Thermal Dissociation
of Si—H Bond

The model for Si—H bond dissociation is presented in Fig. 5.14. Under NBTI stress
condition, there are holes near the silicon-oxide interface with a concentration,
pn ~ E; where E_ represents the electric field due to mobile carriers and its mag-
nitude equals the total electric field Egx in accumulation and equals Egx minus the
depletion charge contribution in inversion. The holes from accumulation or inversion
layer tunnel towards the Si—H bond (bond length ~ 1.5 A [10]) with a tunneling
probability Ty. This capture of holes by the Si—H bond reduces the energy barrier for
its dissociation to E4 xr. In addition to this hole capture, the polarity of electric field
during NBTT stress stretches the Si—H bond and further reduces its barrier by aEox,
where a is the effective dipole moment for the Si—H bond [20, 49]. This results a
factor B & exp[—(Eaxr — aEox)/kgT] for the thermal dissociation of Si—H bond.
Therefore, the Si—H bond under NBTI stress breaks at a rate of:

k]: NphTHB ~ ECTH exXp [— (EA,kF — ClEOX) /kBT] (543)

The tunneling probability Ty in (5.43) can be estimated using the following
Wentzel-Kramers—Brillouin (WKB) approximation:

2An alternate dissociation mechanism of Si—H via passivated dopants like phosphorous-Hydrogen
(P-H) complex though have a lower dissociation energy and a exothermic reaction, P-H assisted
dissociation of Si—H results n ~ 1/4 [12, 26] and Ex v ~ 0.36 eV, which is not supported by
recent NBTI measurements, see Chap. 3.
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Fig. 5.14 The model for Si—H bond dissociation considers holes from the channel of a transistor
(concentration p,, ~ E. in inversion and py, ~ Epx in accumulation) near the Si/dielectric interface
tunnel into and is captured by the Si—H bond, thus leading to a hole-assisted, field-enhanced,
thermal dissociation of the Si—H bond and generation of interface defects (Si-) at the silicon-oxide
interface

fint

dx \/quOX((gbh — xEox) :

Ty~ exp|—2 (5.44)

0

where #,,, is the interfacial layer thickness (~ Si—H bond length of 1.5 A), m,, is the
effective mass of hole in the oxide, and ¢y, is the potential energy barrier for hole
tunneling at the silicon-oxide interface. The completion of integration in (5.44) and
a subsequent Taylor series expansion gives:

2 0x 0X t Eox
In THN_27VL]’%(’DM1;im+ Mox qlinkox (5.45)
h V 2q0m 7

Ignoring the higher order terms in (5.45), we can approximate the tunneling
probability using Ty ~ Pt exp(yrEox), where,

V2qMoy . g
Pr ~ exp fZMtim and pp~ Mox_ 9ime (5.46)
h 2qpy, N

Overall, the hole-assisted, field enhanced, thermal dissociation of Si—H bond
presented in Fig. 5.14 suggests

kp ~ EcPrexp[prEox — (Eaxr — aEox) [ksT] (5.47)

Among different parameters in (5.47), the magnitude of applied NBTI stress
defines E¢ and Epx. Activation energy for hole-assisted Si—H bond dissociation E
 are obtained from first-principle calculation [50, 51] and the remaining parameters
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71, P1, and a can be theoretically calculated as shown below. Proper estimation of
these three parameters are critical to analyze field dependence of interface trap
generation, as it effects the prediction of NBTI lifetime in the operation condition of
a device from the measured lifetime at accelerated stress conditions.

5.6.2 Theoretical Estimation of Tunneling Factors

Among the tunneling parameters in (5.47), yr can be calculated from the Ty vs Egx
plot obtained using detailed quantum-mechanical model [52] or modified WKB
approximation [53]; see Fig. 5.15a [47, 54]. The straight-line trend in the semilog-
y plot for Ty as a function of Egx confirms the insignificance of higher order terms
in (5.45). The calculated yr from the slope of InTy vs Egx plot varies negligibly
with nitridation in the gate dielectric (Fig. 5.15a) and with uniaxial (Fig. 5.15b) or
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Fig. 5.15 a Tunneling probability (Ty) at 1.5 A away from the transistor channel calculated at
different Eqx. Inset shows the quantum-mechanical penetration of hole profile used to calculate
Ty; here, the valence band-diagram is drawn upside-down for clarity. One can estimate y from the
slope of InTy vs Eox plot for different nitrided gate dielectric. Calculated yr for strained transistors,
where b uniaxial compressive strain in the channel is applied using SiGe source and drain, and
¢ biaxial, tensile strain in the channel is applied using SiGe epitaxial layer under the channel.
Theoretically extracted values of yr show negligible variation with any process technology,
especially for strained transistors
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biaxial (Fig. 5.15c) channel strain [55]. The calculation details and device param-
eters for nitrided dielectric and strained channel are provided in [20, 47, 54-56].

Similar to pr, tunneling simulation also allows calculation Py. Among different
parameters that define Pt (see (5.46)), mqx and ¢y, are the ones that changes with
gate dielectric and channel strain. For example, nitridation of gate oxide reduces
both m,, and ¢y, [47, 54] and hence reduces Pr. Similarly, compressive strain
increases ¢y, While tensile strain reduces ¢y, without effecting m,, [55] and hence
also changes Pt accordingly. Note that variation of Pt with channel strain and a
fixed yr universally explains the field dependence of NBTI measured over a broad
range of uniaxial/biaxial, compressive/tensile strained transistors [55]. For the
analysis of NBTI in nitrided transistors, variations in yr (though small, see
Fig. 5.15a) and Pt require appropriate consideration [47, 54].

5.6.3 Theoretical Estimation of Effective Dipole Moment

One can evaluate the effective dipole moment for Si—H bond [the parameter a in
(5.47)] by considering the electronegativity difference between the Si (xgs; = 1.8) and
H (xy = 2.1) atoms, as per Pauling’s scale [57].> The corresponding ionic bond
energy, Uy_s; = 1.3(xg; — xu)® = 0.1 eV leads to an estimation for the effective

charge transfer within Si—H dipole as, +/(4meorUpn—s;) [49, 57], where ¢ is the
electron charge and r is the Si—H bond length. The resultant dipole moment for the
Si—H bond, p = \/(4neorUn_si) r = 0.15¢ A. Considering that a Si—H dipole
resembles a dipolar orientation normal to a thin slab (Fig. 5.16), the local electric
field [59] within the dipole can be calculated as Ej,. = (1 + LyindEox = €ndfox;
where, L = 1 is the depolarization factor [59], yin is the dielectric susceptibility at
the interface and ¢, is the relative dielectric permittivity at the interface with values
~3.9-8 [60]. Under NBTI stress, the polarization vector of the Si—H bond is
opposite to the electric field (Fig. 5.16). The potential energy of Si—H bond
will therefore be increased by pEj.. = pemLox = aEox (Fig. 5.14). Using the
parameters provided above, we can estimate the effective dipole moment as,
a = pein = 0.6-1.2g A.

5.6.4 Procedure for Estimating Model Parameters

The estimation of yr and a using measured data primarily requires a separation of
interface trap component of DC NBTI degradation (AVir of Fig. 5.1) and then an

3Similar calculation can also be performed using Sanderson’s scale [58] that leads to similar
values.
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Fig. 5.16 Polarization properties of Si—H bond provides an estimation for a = pe;,. Here, the
polarization vector is opposite to the direction of the applied field under NBTI stress

implementation of the following equations. As H, diffusion dictates AVir at long
stress time, one can replace kg from (5.47) in (5.22) and write:

AN 29Eox
AVir = o0 _ Arr * EOT * (EC)Z/3 exp 2770 exp(—nEp; /kgT)t" (5.48)
where
y=7yr+a/ksT (5.49)
2
nEp; = nEapu, + 3 (Eaxr — Eaxr) (5.50)

and the pre-factor

2/3

A]T ~ (N()PT)2/3 ~ [No exp(—wmox(pbh)] / (551)
The overall activation energy for AVt from (5.48) can be written as,
2
EA,IT = nE'A’DH2 + = (EA,kF — EA‘,kR — aEOX) = nEDl — 2/3(1E0X (552)

3

For the neutral Hydrogen species [14, 47], kg, Dua, ky, and kg, are field inde-
pendent therefore the field-dependence of kg dictates the field-dependence of Nyt and
hence allows extraction of yt and a. To perform this extraction [20, 47], the measured
AVir versus t data is fitted with (5.48) at different Vg.grr and T. This fit allows
extraction of Ay, y, n at different T (here, the manner of fitting includes the variation
in the field independent Ep; within the parameter A;t). A plot of extracted y versus 1/
kgT gives tunneling parameter yr as the intercept at 7 — ©0 and the effective dipole
moment a as the slope; see (5.49). Alternately, one can also estimate a using (5.52),
hence using the extracted E4 yr from the temperature dependent AVyr versus ¢ data at
different voltage and plotting it as a function of Eqgx. However, presence of noise in
the extracted E4 jr incorporates inconsistency for the later technique.
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5.7 Summary

The unique formulation of the RD model presented in this chapter in the context of
NBTI allows interpretation of the kinetics of interface defects during NBTT stress and
relaxation. For the NBTI stress phase, RD theory captures the bond dissociation at a
particular stress bias and temperature and predicts power-law time evolution (~7")
for the interface trap generation. The magnitude of this power-law exponent at long
stress time depends only on the diffusing species. The density of generated interface
defects at a particular stress time, however, depends on how Si—H bonds are broken
at different stress conditions like bias, temperature and frequency. A polarized nature
of the Si—H bond results their field-enhanced, hole-assisted dissociation with a field
dependence of E exp(yE). The temperature dependence of Si—H bond dissociation, as
well the diffusion of Hydrogen species, takes the Arrhenius form and defines the
Arrhenius activation energy for the interface defect generation. For the NBTI
relaxation phase, the time evolution of interface trap repassivation after a fixed
duration of stress Zsyr takes the form ~ 1/[1 + /(&/(1 + tsrr/trec))]. This unique
nature of the time evolution for stress and relaxation and its dependence only on the
diffusing species leads to frequency independence for interface trap generation
during AC NBTI stress. Finally, it is important to understand that the RD model is a
general formulation independent of many details of the physical process. The pre-
dictions of the model do not distinguish between Si—H bonds present at the interface
(P centers [6, 9, 61, 62]) or Hydrogen-terminated near-interface E' centers [62, 63],
as long as the released species diffuses back and forth within a diffusing medium. It is
precisely this generality of the RD framework that allows capture of versatile ranges
of robust phenomena like power-law exponent, frequency independence which is
universality measured over a wide range of transistors.
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Chapter 6

Modeling of DC and AC NBTI
Degradation and Recovery for SiON
and HKMG MOSFETs

Nilesh Goel and Souvik Mahapatra

Abstract In this chapter, a comprehensive model is proposed to describe
NBTI degradation in SiON and HKMG p-MOSFETs. The model is based on the
physical mechanism of NBTI established in earlier chapters, has mutually uncor-
related trap generation and trapping subcomponents, and can predict ultra-fast
measured stress and recovery data under DC and AC stress. Time evolution of
NBTI degradation and recovery during and after DC stress as well as during
multiple DC stress and recovery cycles for different stress bias, temperature and
recovery bias can be successfully explained. The model can explain time evolution
of AC degradation for different pulse frequency, duty cycle, and pulse low bias, and
can explain measurements after last half or full cycle of AC pulse. The model is
consistent with the compact model presented in Chap. 4, and can successfully
explain the gate insulator process and material dependence for both SiON and
HKMG devices, and can also predict long-time DC and AC degradation to deter-
mine NBTI lifetime.

6.1 Introduction

Negative bias temperature instability (NBTI) is an important reliability concern for
p-channel metal oxide semiconductor field effect transistors (MOSFETs). As shown
in Chap. 1, NBTI was discovered more than 40 years ago [1], however, it became a
reliability concern with the introduction of Silicon Oxynitride (SiON) devices
[2-7] and continues to threaten the reliability of latest planar and FinFET devices
having High-K Metal Gate (HKMG) gate insulator [8—17]. NBTI results in gradual
buildup of positive charges in the gate insulator, and causes degradation of device
parameters such as threshold voltage (AVy) transconductance (Ag,,), linear drain
current (Alprin), saturation drain current (Alpsat), subthreshold slope (ASS),
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gate-to-drain capacitance (ACgp) [18] etc., and hence, it impacts the performance of
digital, analog and memory circuits [19-24]. NBTI degradation demonstrates
several universal features for production quality devices and circuits, for different
technology nodes and across different industries, refer to [24] for further details.

A plethora of reports have been published in the last 15 years on NBTI char-
acterization techniques, process and materials impact, and physical mechanism. The
characterization methods for measuring NBTI degradation and the underlying
defects responsible for the degradation have been discussed in Chap. 2. Gate
insulator process impact on NBTI degradation and its underlying defects is dis-
cussed in Chaps. 1, 3 and 4, and is explained using a physics-based compact model
in Chap. 4. NBTI physical mechanism and model has been a subject of great debate
and is recently reviewed in [25], and is also briefly mentioned in Chaps. 3 and 4.
The following NBTI experimental signatures have been universally observed and
reported by various groups:

(a) NBTI degradation substantially recovers after removal of stress [26-29],
results are discussed in Chap. 1 and also later in this chapter, and therefore,
several ultra-fast characterization techniques have been proposed to make
“recovery free” measurements [26, 27, 30-32], refer to Chap. 2 for imple-
mentation details of different characterization methods.

(b) NBTI degradation characterized by ultra-fast method shows rapid increase at
the initiation of stress and power-law time dependence at longer stress time
(tstr) for both SiON and HKMG devices [7, 10, 32], results are discussed in
Chap. 1 and later in this chapter.

(c) Long-time power-law time exponent n depends on measurement delay [30,
31], and is independent of stress bias (Vg.gtr) and temperature (7), when
experiments are performed in the absence of different stress and measurement
artifacts, such as stress saturation [33], recovery impact [34], impact due to
extraneous trap generation effects [35], etc., refer to Chap. 1 for detailed
discussion on these experimental artifacts. However, the exponent n depends
strongly on the gate insulator process for both SION and HKMG devices [7,
15], as shown in Chaps. 1 and 4.

(d) Measured degradation in production quality devices shows power-law
dependence with n ~ 1/6 at very long tstr [36, 37], and similar behavior
is observed in actual circuit operation [20], refer to Chap. 4, Fig. 4.27 and [24]
for additional details.

(e) The degradation magnitude depends on inversion hole density as well as on
gate oxide field (Epx) but not on Vg.str [3, 4, 35]; physics-based calculation
suggests Eqox * exp(I'g - Eox) dependence where ['g is the field acceleration
factor [33], although for simplicity and without loss of much accuracy,
power-law Eqx or Vg.gtr dependence is often used in the industry [38, 39],
refer to Chap. 4, Fig. 4.35 for relative comparison of power-law Egx accel-
eration factor I'g across different technology nodes. The factor I'g is a strong
function of gate insulator process as well [7, 15]; refer to Chaps. 1 and 4 for
additional details.
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NBTI degradation, when properly measured, shows Arrhenius T activation [4—
7, 10, 15, 34, 40] with energy E4 that depends on the gate insulator processes
[7, 15]; reported non-Arrhenius behavior [41] with time exponent n being a
function of stress T has been shown to be an artifact of measurement delay
[34]. Moreover, T activation of time to reach a particular degradation shows
universality across SiON and HKMG devices as shown in Chap. 4, Fig. 4.31
and also discussed in this chapter.

Field acceleration factor I'g and T activation energy E, extracted at fixed fgtr
are found to be independent of stress T and Epy, respectively [42], and
obtained 'y and E, values are independent of fgtg, when stress and mea-
surements remain free from artifacts mentioned in (c). This aspect is discussed
in detail in Chap. 1.

Gate insulator and other processes impact NBTI degradation; in particular, the
presence of Nitrogen (N) in the gate insulator stack increases degradation
magnitude but reduces time exponent n, field acceleration I'g and T activation
E, for both SiON and HKMG devices [4-7, 10, 15, 42], relevant results are
shown in Chaps. 1, 3 and 4, and also in this chapter.

For HKMG devices, NBTI degradation depends on the quality of the inter-
layer (IL) separating MOSFET channel and the High-K layer [15]; reduction
in interlayer (IL) thickness increases AV but reduces parameters n, 'y and E s
[13, 15, 42]; results are presented in Chaps. 1, 3 and 4, and also in this chapter.
Recovery of NBTI degradation after stress implies lower degradation for AC
compared to DC stress. Similar to DC, ultra-fast techniques have been
developed and used to characterize AC degradation, which can be measured
after the end of last half cycle (Mode-A) or after end of last full cycle
(Mode-B), refer to Chap. 2, Fig. 2.14 [32, 43]. AC degradation shows fre-
quency (f) independence for Mode-B stress, but measured AVt depends on f,
especially at lower f, for Mode-A stress [42]. Higher AVy is observed for
Mode-A compared to Mode-B stress at lower f, and Mode-A AV reduces with
increase in f and merges with Mode-B AV at higher f. Measured results are
discussed in Chaps. 1 and 2 and also later in this chapter. Different groups
have reported f independence for AC NBTI measurements till GHz [21, 44].
NBTI degradation increases with increase in pulse duty cycle (PDC) of AC
stress and shows a characteristic “S” shaped PDC dependence with a large
kink or jump between high PDC AC and DC data [21, 32, 42, 45-48].
Different published data show different AC to DC ratio when normalized to
their corresponding DC value as per usual practice. However, a remarkably
universal PDC dependence is observed for up to ~85 % PDC when published
data are normalized to their corresponding 50 % AC value [48], and this
universality holds for differently processed devices and for different AC pulse
bias conditions [42], and is discussed later in this chapter. Ultra-fast measured
PDC dependent data are shown in Chaps. 1 and 2 and also in this chapter.

As discussed in detail in Chaps. 3 and 4, it is now universally accepted that
positive charge buildup in the gate insulator during NBTI stress predominantly
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arises out of generation of new traps at the interface between device channel and
gate insulator (ANyr) and in certain situations inside the gate insulator bulk (ANgt),
as well as hole trapping in process related pre-existing bulk gate insulator traps
(ANyr) [25]. As shown in Chaps. 2 and 3, trap generation during NBTI stress has
been independently estimated using Charge Pumping (CP) [4-6, 11, 35, 48-51],
Gated Diode (or DCIV) [25, 48, 50, 52-55] and low voltage stress induced leakage
current (LV-SILC) [2, 40, 53] techniques, while pre-existing gate insulator traps are
independently estimated using flicker noise technique [15, 48, 51, 56-58]. SILC has
been used to independently characterize generated bulk traps [35].

In spite of such overwhelming experimental evidence of trap generation during
NBTI stress, some authors have proposed ANyr to be the sole contributor to
measured AVt [59-63], which is definitely not physically justifiable. On the other
hand, although AN;t contribution is dominant and determines end-of-life degra-
dation for production quality devices and circuits [24], it alone cannot explain the
short-time degradation measured using ultra-fast methods, and gate insulator pro-
cess dependence of NBTI. Therefore, AN;r only framework cannot provide a
complete physical picture of NBTI [34, 40], and needs to be augmented by addi-
tional contribution from ANyt [25]. Although some report suggests strong coupling
between the two components [64], most evidences suggest mutually uncoupled trap
generation and trapping [4-6, 15, 25, 27, 33, 42, 46, 48, 51, 65-69], which has now
become the acceptable physical mechanism of NBTI. In situations such as thick
gate insulators and large Vg.grr and/or high stress T, uncoupled contribution from
ANor also needs to be taken into account to compute overall AVy [25, 35, 48, 70,
71]. As discussed in Chap. 4, compact model based on mutually uncoupled trap
generation and trapping components can explain gate insulator process dependence
of NBTI degradation in different SION and HKMG p-MOSFETs [15, 25, 48, 67,
72, 73].

Many reports have suggested the involvement of Hydrogen (H) species in
generation and passivation of gate insulator traps (sometimes referred to as trap
volatility) [2-6, 25, 27, 33-35, 40, 42, 46, 48, 50, 51, 55, 74-87]. The breaking and
annealing processes associated with H passivated defects, respectively, responsible
for trap generation and anneal, have been formulated using the Reaction-Diffusion
(RD) model, first proposed in [77], and subsequently reformulated in [78-81] for
macroscopic differential equation based framework for average behavior in large
area devices, and in [82—-84] for Kinetic Monte Carlo based framework for sto-
chastic behavior in small area devices. Although basic one-dimensional (1D) RD
model formulation described in Chap. 5 can successfully explain trap generation
during stress, especially the universal power-law time dependence with exponent
n ~ 1/6 at long tstr and AC frequency independence [78—81], it cannot capture the
exact physics associated with stochastic hopping of H especially during long
recovery experiments after stress, which is explained in [25, 48, 83] and later in this
chapter. Therefore, the basic 1D macroscopic RD formulation has been suitably
modified to effectively capture delayed recovery of generated traps due to H hop-
ping effects [25, 48].
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Moreover, although the reformulated RD model can successfully explain both
generation and recovery of ANt during and after DC and AC NBTI stress, it must
be augmented by models associated with calculating the occupancy of generated
traps, as well as with calculation of generation and recovery for ANyt and ANgr, to
explain the generation and recovery of measured AVr, as demonstrated in [25, 42,
48, 85-87] and also discussed in this chapter. However, some reports have failed to
realize these important aspects, and especially highlighted the incompatibility of
ANyt recovery calculated using the basic RD model to measured AV recovery [27,
45, 47, 61-64, 69, 75, 76, 82, 84], without accounting for stochastic nature of H
hopping during trap recovery, occupancy of generated traps during recovery, as
well as recovery of generated ANyt and AN, and unfairly criticized the capability
of RD model. As a consequence, this has lead to development of several alternative
NBTI models that focused exclusively on AVy recovery and AC PDC and
fdependence [45, 61-64], but unfortunately, these alternative models fail to predict
basic features associated with measured time evolution of AVt during stress, and
hence is not pursued further; refer to [25, 48, 88] for additional details.

In this chapter, a comprehensive RD model based framework will be discussed,
which can predict the time evolution of AVt during and after DC stress and during
multiple stress and recovery sequences for different Vg grg, stress T and recovery
bias (Vg.rec), and during AC stress at different PDC, fand pulse low bias (Vg. ow)
stress condition [42, 86, 87]. The framework is consistent with model proposed in
Chap. 4, and can explain data measured in SiON and HKMG devices with different
gate insulator processes. As mentioned before, the framework calculates generation
and recovery of interface traps using RD model and augments with calculation of
occupancy of generated traps, and also calculates trapping and detrapping of holes
in pre-existing traps and generation and recovery of bulk insulator traps. Finally, a
simple compact model is discussed and compared with the full-feature model to aid
circuit analysis under DC and AC NBTT stress.

6.2 Degradation During DC Stress

Figure 6.1 illustrates the cross section of a HKMG gate insulator stack and shows
different defect precursors. The stack has SiON based IL and HfO, based High-K
layers, with H passivated P, centers (Si—H bonds) at Si/IL interface. Other H
passivated defects in the bulk of the gate insulator are denoted as X—H, where X can
be Silicon (Si), Nitrogen (N) or Oxygen (O) atoms, and different Oxygen vacancy
(Ov) related defects, located in SiON IL, Hafnium Oxide (HfO,) High-K, and also
in the HfSiON transition region between IL and High-K layers. Note that the
presence of N in the High-K and IL layers can be intentional, e.g., resulting from
post High-K nitridation, or unintentional, due to N diffusion from the Titanium
Nitride (TiN) metal gate and Silicon Nitride (SiN) spacer of the MOSFET.

As explained later in this chapter, dissociation of Si—H and X—H bonds results in
creation of Si— and X-traps. In addition, hole trapping take place in pre-existing IL
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defects, and E' centers are created especially at higher Vg gtr by breaking of Si—O
bonds in the IL bulk. As mentioned before, both trap generation and trapping
contributes to overall NBTI degradation. Note that identical trap generation and
trapping mechanisms describe the scenario for devices having SiON gate insulators,
which does not contain the HfO, High-K layer and Hf related defects.

Figure 6.2 shows atomic configurations of different Ov related defects (top) and
associated energy levels obtained using Density Functional Theory (DFT) calcu-
lations (bottom) [86]. Ov is attributed to a missing O atom between two Si atoms
resulting in Si—Si dimer, Ov (Si-Si) in the IL, missing O between two Hf and one Si
atoms, Ov (HHS), and between one Hf and two Si atoms, Ov (HSS), in the HfSiON
transition layer, and missing O between three and four Hf atoms in the HfO,
High-K layer, resulting in 3- and 4-coordinated vacancies, Ov (3c) and Ov (4c),
respectively. The energy levels of traps are shown without and with one or two
occupied electrons, and trap energy levels relax after electron occupation due to
structural relaxation effects. Note that the energy levels do not exist as long as Ov
defects remain passivated with H, and appear only after Ov—H bonds are broken
and H atoms are released. This aspect is discussed later in the following section.

Figure 6.3 shows the atomic configurations, corresponding density of states and
energy levels of traps associated with the presence of interstitial Hf or N atoms
inside the IL of a HKMG gate insulator stack obtained using DFT calculations [57].
The reference case of clean IL without any impurity is also shown. Note that Hf and
N atoms in the HfSiON transition layer result in mid-Si gap defects. However,
when Hf and N atoms are located in the IL bulk, defect levels appear near the
valence band of Si substrate, and these defects can appear as hole traps. Both SiON
and HKMG gate insulators show larger pre-existing traps due to the presence of N
when measured using flicker noise [15, 56, 57]; results are shown in Chaps. 2 and 4.
Moreover, HKMG stacks with IL grown using the conventional Chemical Oxide
(Chem-Ox) process [89] shows larger pre-existing trap density compared to thermal
IL process [90] when measured using flicker noise, which is due to larger IL and
High-K intermixing and higher Hf density in the IL for the Chem-Ox process, refer
to [15, 57] for details. Therefore, the quality of gate insulator influences the
magnitude of hole trapping, as described and analyzed in detail in Chap. 4.
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Fig. 6.2 Top Illustration of atomic configuration and different oxygen vacancies in HKMG gate
insulator stack. Botfom Energy levels corresponding to oxygen-vacancy defects from DFT
simulations, for different electron occupancy levels (shown as dots)

6.2.1 Reaction-Diffusion (RD) Model for Interface Trap
Generation

Interface trap generation is an important component of NBTI degradation and can
be directly estimated using CP, DCIV and LV-SILC measurements as mentioned
earlier in this chapter and also explained in detail in Chap. 2. DCIV measurements
with suitable delay and band gap corrections have been used in Chap. 3 to perform
a detailed analysis of AN}t time evolution under different DC and AC NBTI stress
conditions in differently processed HKMG p-MOSFETs. A remarkable universality
of power-law time evolution of ANt with exponent n ~ 1/6 has been observed for
longer tgtr, for both DC and AC stress and also across different HKMG processes,
which is a unique signature of H/H, RD model as discussed in detail in Chap. 5.
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Fig. 6.3 Tllustration of atomic configuration of HKMG gate insulator stack, showing a reference
defect free configuration, and interstitial Hf or N atom at b the interface between HfO, and IL and
c inside the IL. The corresponding density of states is shown below in d

Note that n ~ 1/6 power-law time evolution is also observed for AV; time evo-
lution in production quality devices and in circuit performance drift for very
long-time NBTT stress, refer to Chap. 4, Fig. 4.27.

Figure 6.4 shows the schematic of double interface H/H,RD model for gener-
ation of interface traps; refer to Chap. 5 for implementation details. Si—H bonds are
located at the Si/SiON interface, while all bulk X—H bonds are effectively assumed
to be at a “second interface”, which can be presumed to be at the center of the gate
dielectric for SiON insulator, or at the IL/High-K interface for HKMG gate stacks.
When Vi srr is applied, inversion layer holes tunnel into and get captured in Si—
H bonds at the Si/SiON interface. The covalent bonds get weakened by hole
capture, and can be easily broken by thermal process to form Si or interface traps at
first interface (AN11) [37]. Release H atoms from broken Si—-H bonds move away
from the Si/SiON interface and diffuse towards the gate due to concentration gra-
dient. Diffusing H atoms react with X—H bonds at second interface to form H,
molecules. Resulting X— bonds are generated traps at the second interface (ANyt»).
Note that trap generation at the first interface is primary and at the second interface
is a secondary or related phenomenon. Generated H, molecules eventually diffuse
out and control the time evolution of ANty at longer #5rgr, resulting in characteristic
power-law time dependence with exponent n = 1/6 [25, 40].
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When gate stress bias is removed or reduced, recovery of generated traps is
initiated by back diffusion of H, molecules and subsequent reaction of H, mole-
cules with broken X— bonds at the second interface and formation of X—H bonds
and H atoms. The released H atoms diffuse towards the first interface and passivate
Si—dangling bonds. Recovery of generated traps is discussed later in this chapter.

Table 6.1 lists model equations and parameters for double interface H/H, RD
model [40]; detailed explanation of the model equations is provided in Chap. 5 and
is briefly reviewed here for completeness. Equations (6.1) and (6.4) represent the
forward and reverse reactions associated with trap generation and recovery at first
and second interfaces, respectively. Equations (6.2) and (6.3) are the detailed bal-
ance between reaction and diffusion as per Fick’s first law of diffusion.
Equations (6.5) and (6.6) represent diffusion of H and H, in gate dielectric and
beyond as stated by Fick’s second law of diffusion. Subscript (1) and (2) in
equations represent first and second interface, respectively. No, Nit, Ny, Ny2, Dy,
and Dy, respectively, denote densities of Si—-H bonds and interface traps, con-
centration of hydrogen atoms and molecules and their corresponding diffusivities;
kg and kg are forward and reverse reaction rates; & is interfacial thickness (~ 1.5 A)
assumed for dimensionality considerations.

Although the model equations are solved in a self-consistent manner to obtain
time evolution of ANyr, as shown in Chap. 5 and also later in this chapter, a
simplified analytical expression for long-time behavior is shown in (6.7). Note that
the model suggests n = 1/6 power-law time dependence at long fstr Without using
any adjustable parameters. This is a unique feature of the model, and is consistent
with experimental results shown in Chap. 3.

Arrhenius T activation is used for reaction parameters kz and ki at both inter-
faces and diffusion parameters Dy and Dpgy, as shown (6.8), with corresponding
activation energies Eaxr, Eaxr, Eapn, and Eappo, respectively. The T activation
energy Earr of ANyt at long fgrg is shown in (6.9), which depends on Exkp, Eaxr
at both interfaces and also on Esppp. It is important to remark that under the
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Table 6.1 Equations for double interface H/H, Reaction-Diffusion model. Fixed parameters are
universal across devices. Adjustable parameters depend on gate insulator process

d |||
N H = kg 1)(N0(1) — NIT( )) kR(l)NIT(l)N (6.1) [1st interface]

dN dnt

2 dr — Dy P dNIT 6.2)
(1)

bdgt =D 2dNH2 6.3)

d .
NIT(Z) = k]: 2) (No(z) NIT(z))N](_IQ) — kR(Z)NIT(Z)N](-Izz) (64) [2nd mterface]

dNH _ d NH
q = =Dy (6.5);

dg]m -D 2d Nz (6.6)
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Adjustable parameter? kpo(]), k}:‘o( 2)5 FIT and EAKF( )(_EAKF(2))
Fixed parameters: kro(1); kro2); Du; Dr2o; Eakr(1); Eakr(2); Eapn and Eapnz

assumption of detailed balance of forward and reverse reactions such that
Eaxr ~ Eakr at both interfaces, the T activation energy Ear of ANy at longer fgtr
is equal to the T activation energy associated with molecular H, diffusion, Eapp>
[25, 48]. This aspect is verified in the following section.

Oxide field (Egx) dependence is only incorporated in the forward reaction
parameter kg, at the first interface with exponent I'it as shown in (6.10). This
particular form of Egyx dependence of kg is used to obtain identical I'tr values for
this model and the compact model listed in Chap. 4, Table 4.1." Refer to Chap. 5 for
a detailed physics-based calculation of the forward reaction process. Note that this
model has mutually uncorrelated Eqx and T dependence of ANyr during stress,
which is consistent with results shown in Chap. 3, Fig. 3.5.

The fixed and process dependent adjustable parameters are listed in Table 6.1.
Most parameters are fixed across differently processed gate stacks for both SION
and HKMG devices. The model has only four process dependent parameters, and
the field acceleration factor I'ir and T activation energy Ear are consistent with the
corresponding compact model parameters shown in Chap. 4.

"When (6.10) is inserted in (6.7), the resultant equation shows AN ~ Eox * exp(I'tr © Eox) for
long stress time, i.e., identical Eqx dependence and I'yr as used in Table 4.1.
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6.2.2 Experimental Validation of RD Model

Figure 6.5 plots the time evolution of DCIV measured ANyt after measurement delay
and band gap correction, see Chap. 2, in HKMG p-MOSFETs having different gate
insulator processes. As described in Chap. 3, Fig. 3.2, D2 and D4 devices, respec-
tively, have rapid thermal process (RTP) grown non-nitrided and nitrided IL layers
but identical HfO, High-K layer deposited using Atomic Layer Deposition (ALD)
method. Experiments are performed at three different stress 7, and for each 7, three
different Vg_gtr is used for stress. Note that DCIV is a slow measurement method
and only provides meaningful results at longer time as shown in Chap. 2.

Time evolution of ANyr obtained using numerical simulation of RD model is
shown from short to long fgrr. As explained in detail in Chap. 5, the initial deg-
radation phase shows reaction-limited n = 1 power-law time dependence, with
transforms into H, diffusion limited n = 1/6 dependence at long stress time. The
model can predict measured data for different stress conditions and across different
devices with only four device dependent adjustable parameters listed in Table 6.1;
once fixed for a particular device, the parameters are not changed for variations in
Vig-str and T. Note that ANty is converted to AVt (=g * AN1t/Cox), g and Cox are

101100"“ 07100 Tor ot 101100“‘ 00100 10 10f
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Fig. 6.5 Time evolution of DCIV measured ANt after delay and band gap correction (symbols),
for NBTI stress in different HKMG devices for different V_gtr and 7. Lines represent RD model
simulation


http://dx.doi.org/10.1007/978-81-322-2508-9_2
http://dx.doi.org/10.1007/978-81-322-2508-9_3
http://dx.doi.org/10.1007/978-81-322-2508-9_2
http://dx.doi.org/10.1007/978-81-322-2508-9_5

220 N. Goel and S. Mahapatra

the electronic charge and gate insulator capacitance, respectively, to compute
contribution by trap generation to overall AVt during stress. Time evolution of AVt
obtained from the calibrated RD model simulation is used to calculate time evo-
lution of overall AVt shown later.

Although AN}t dominates overall AVr, in general, contributions from ANyt and
ANgt cannot be ignored. However, ANyt contribution can be minimal for certain
specific situations, e.g., for NBTI stress in plasma nitrided oxide (PNO) based SiON
gate insulators having lower N content and proper post nitridation anneal (PNA) [91,
92], and especially when AV is measured using relatively slower on-the-fly (OTF)
method [5]. Moreover, ANgt contribution remains negligible when NBTT stress is
done using low Vg_str as shown in Chap. 4. In these situations, time evolution of
AVt can be considered to be primarily due to time evolution of ANyr.

Longer-time stress experiments are performed at different stress 7 in different
PNO with proper PNA based SiON devices [5], and AV is measured using OTF
method with time-zero (¢y) delay of 1 ms, which captures negligible ANyr. Refer to
Chap. 2 for OTF measurement details. As mentioned before, low Vg gtr is used to
ensure negligible ANor contribution. Measured time evolution of AVy has
power-law time dependence with n ~ 1/6, and is plotted in a log—log scale versus
tstr for different stress 7. Since AVt versus fgr curves are parallel to each other at
different 7, they are scaled by a factor fsca g along the time axis (X-axis) to overlap
with each other. Figure 6.6 illustrates the scaling method mentioned above, and also
plots the T activation of 1/tgcarg for different PNO-SiON devices.

Similar T dependent stress experiments are performed for longer tstr in pure
Silicon Dioxide (SiO,) devices, and the time evolution of AVt and ANjr are
measured, respectively, using slow /-V and CP methods [35]. Once again, pre-
cautions are used such that measured AV is dominated by ANyt. In addition, DCIV
measurements are done to obtain time evolution of ANy at different stress T in
HKMG devices [55]. The X-axis scaling exercise is performed on measured data,
and the corresponding T activation of 1/tscarg for these devices are also shown in
Fig. 6.6. Note that the scale factors for different devices are arbitrarily shifted in the
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1/tscaLg, Where tscar g 1S time -
to reach a particular 107§
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plot for viewing clarity, and the relative values have no real significance. Of sig-
nificance is the T activation energy of 1/fscarg, Which remarkably shows univer-
sality across different types of devices and measurement conditions.

Note that under the detailed balance assumption discussed before, (6.7) and (6.9)
of Table 6.1 would suggest ANyt ~ (Dgs * tstr)" at longer fgtr, Where n = 1/6 is
governed by molecular H, diffusion and Dy, being the corresponding diffusivity.
Therefore, tscarr (=tsTr) to achieve identical ANyt at different stress 7 would be
inversely proportional to Dy, and the T activation of 1/fscapg should be equal to
the T activation of Dy, [25]. Remarkably, note that measured T activation values
listed in Fig. 6.6 yields E5 ~ 0.6 eV, which is similar to the T activation energy
reported for molecular H, diffusion [93]. Therefore, both the time and 7 dependence
of ANy at long stress time suggests degradation is governed by molecular H,
diffusion, and verifies the H/H, RD model. Moreover, the above relation suggests
T activation energy Eair ~ 0.1 eV for ANjr at long but constant fgrg, since
Eapm: ~ 0.6 eV and n = 1/6. Indeed, a similar value has been used for ANjt
component for different SION and HKMG devices, refer to Chap. 4 for details.

6.2.3 Hole Trapping and Bulk Trap Generation

As mentioned earlier in this chapter and discussed in detail in Chap. 4, although
ANt plays an important role, the contribution from ANyxr and ANgr must be
considered to compute overall AVy. Note that ANyr is a faster process and sig-
nificantly depends on the quality of the gate insulator, while ANt gets triggered
under high Vg_stR, is a slower process and builds up over time. Table 6.2 shows the
empirical relations used for AVyr (=g * ANy1/Cox) and AVor (=q¢ * ANo1/Cox)
components during stress; refer to (6.11) and (6.12), respectively.

As discussed in Chap. 4, AVyt is assumed to saturate at longer fgtr. The AVyr
expression shown in Table 6.2 uses a stretched exponential form, which becomes
identical to the expression used in Table 4.1 at long tgtr. As mentioned in Chap. 4,
AVyr has identical Eqx acceleration factor as that of AVir (I'yt = I'tt), but has
much lower T activation energy (Eagt) than the T activation of AVir; identical
values of 'yt and Eyt are used in this model and the compact model of Chap. 4.
The parameters tgTr and Pgrr determine the shape and time-to-saturation for time

Table 6.2 Equations for hole trapping and bulk trap generation

i - <I_> BsTR (6 1 1)
AVHT(I) = BEOXer“TEOXe’% 1 —e \SM®
)P 6.12
AVor(t) :c<1 —e () °T>; 6.12)
Tor M)
where m = n(Vgstr — Vro — AVr) Tore ¥TPor

Adjustable parameters: B, Ty, Tstr, Pstr; C
Fixed parameters: Eaur, Eaor, Lot; Bor; 1
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evolution of AVyt. Note that tgtg is 7T activated with energy E —ts while Bstr
remains independent of stress 7. The model for AVor uses the same empirical
equation and parameters as shown in Chap. 4. Unlike AVir and AVyt, AVor
depends on Vg.gtr and not Egy, has voltage acceleration factor (I'or) and
Arrhenius T activation energy (Eaor). The fixed and device dependent adjustable
parameters for AVyr and AVgr are listed in Table 6.2. Although AVgr contribution
can be significant for thicker SION devices especially at higher Vg_str, it is found
to be much lower for HKMG devices, refer to Chap. 4 for details.

6.2.4 SiON Process Dependence

In this section, the composite framework will be used to predict measured data in
SiON p-MOSFETs, refer to Chaps. 1 and 4 for device details. Mobility corrected
on-the-fly (OTF) method is used for measurements with default time-zero (#y) delay
of 1 ps unless mentioned otherwise; refer to Chap. 2 for detailed description of OTF
measurement and mobility correction methods.

Figure 6.7 shows the time evolution of AVt from very short to long fsrr,
measured using OTF method with t, delay of 1 ps and 1 ms, respectively, for SiON
p-MOSFETs having (a) lower and (b) much higher N content in the gate insulator.
The devices have different pre-stress Vrpand equivalent oxide thickness (EOT), and
Vi-str 18 suitably adjusted to have similar stress Eqx for both devices. Note that the
device having higher N content shows larger overall AVy and much larger AVt in
the sub 1 ms time scale when measured using #, = 1 pus method, as well as larger
difference between 1 ps and 1 ms measurements when compared to the device
having low N content in the gate insulator. As mentioned in Chap. 2, the first data
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Fig. 6.7 Time evolution of AVr, obtained using mobility corrected OTF measurements for

different time-zero delay (symbols), for NBTI stress in different SiON devices. Overall composite
model solution and its underlying trap generation and trapping subcomponents are shown as lines
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point is considered as unstressed in OTF method, and therefore, short-time mea-
sured data gets corrupted especially for slower measurements. As a consequence,
the actual difference between the 1 ps and 1 ms measurements is somewhat lower
than that shown in Fig. 6.7, as lower than actual AVt is measured by the 1 ms OTF
method especially at shorter stress time. Nevertheless, the gap in AVt magnitude
between 1 pus and 1 ms measurements is much larger for the device having higher N
content as shown.

Figure 6.7 also plots the calculated time evolution of AV and underlying AVir,
AVyr and AVor components using the composite framework. Note that time
evolution of AVyr is calculated by using numerical simulation of RD model listed in
Table 6.1, while AVyr and AVt are calculated using analytical expressions listed
in Table 6.2. The model can explain measured data quite well for both devices; data
for different #, delay is predicted by different AVyr but identical AVitr and AVt
components, refer to Chap. 4 for further details. Note that the difference between
model calculation and measurement, i.e., lower measured AVt than calculated, for
to = 1 ms data especially at shorter 7gtr is due to measurement inaccuracy asso-
ciated with slower OTF method as discussed above.

Since AVyr is a fast component and its magnitude increases with increase in N
as shown in Chap. 4, higher AVyr contribution can explain large sub 1 ms deg-
radation observed for the device having larger N in the gate insulator stack.
Moreover, as slower measurement fails to capture the early part of degradation, and
since the device having larger N starts to degrade rapidly right after the initiation of
stress due to higher AVyr contribution, a large difference is observed between 1 pus
and 1 ms measurements for this device. However, due to lower AVyt contribution,
the device having low N shows negligible sub 1 ms degradation and much smaller
difference is observed between 1 ps and 1 ms data. Such calculations are done for
different devices and for NBTI stress using different Vg_gtr and 7, and the results
are shown below.

Figure 6.8 shows the time evolution of AVt from short to long fstr, measured in
SiON devices having different N content and EOT, refer to Chaps. 1 and 4 for
device details. Experiments have been performed using #, = 1 pus OTF measure-
ments with mobility correction, for NBTI stress at different Vg.grr and fixed stress
T and at different stress T and fixed Vg_str. Calculated time evolution of AVt using
the composite modeling framework is also shown. The model can accurately
explain measured data from very short to long fstr under such diverse set of
devices and experimental conditions with fixed and device dependent adjustable
parameters listed in Table 6.1 for AV and Table 6.2 for AVyr and AVr. Identical
fixed and device dependent model parameters are used here and in Chap. 4. Once
the parameters are fixed for a particular device, they are not adjusted with variation
in Vg_gtr and 7. Although not shown here for brevity, t, = 1 ms OTF measurements
for these devices and stress conditions can also be successfully explained with
exactly identical values for all parameters except one; only exception being the
parameter B determining the saturated AVyr component. This is fully consistent
with modeling results discussed in Chap. 4.
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Fig. 6.8 Time evolution of AVr, obtained using mobility corrected OTF measurements (symbols),
for NBTI stress using different V5_grr and 7 in different SiON devices. Overall composite model
solution is shown as lines

Note that the AVyt component increases for devices having higher N content in
the gate insulator, as shown above in Fig. 6.6, and also discussed in much greater
detail in Chap. 4. Also note that AVyr has weaker T activation compared to AV}t
and AVt as shown in Chap. 4, Table 4.1, and moreover, unlike AV}t and AVor,
AVyr saturates at longer tstr as shown in Fig. 6.6. Since N has relatively lower
impact on AVyr and AVor components, measured AV for devices having larger N
content has relatively higher contribution from AVyr component, and such devices
have relatively weaker T activation and lower long-time power-law time exponent
n as shown. The process dependence of NBTI parameters is described in detail in
Chap. 4.

6.2.5 HKMG Process Dependence

In this section, the composite framework will be used to predict measured data in
HKMG p-MOSFETs, refer to Chap. 3, Fig. 3.2 for device details. Ultra-fast
measure-stress-measure (UF-MSM) method is used for measurements with default
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Fig. 6.9 Measured time evolution of AVt from UF-MSM method and AVyr from DCIV method
after delay and band gap corrections (symbols), for NBTI stress in different HKMG devices
(symbols). Overall composite model solution and its underlying trap generation and trapping
subcomponents are shown as lines. Inset shows flicker noise data

delay of 10 us unless mentioned otherwise; refer to Chap. 2 for detailed description
of UF-MSM measurement technique.

Figure 6.9 shows the time evolution of UF-MSM measured AV from short to
long tstr and DCIV measured AVit only for longer 7stg in HKMG devices having
RTP based (a) non-nitrided (D2) and (b) nitrided (D4) IL layers. Note that Vg_str 1S
suitably adjusted to achieve identical stress Egx for both devices, and the DCIV
data are plotted after delay and band gap corrections; refer to Chap. 2 for additional
details. Time evolution of model calculated AVt and underlying AVt and AVyt
components are also plotted; calculated AVt and AVjr agrees well with measured
data as shown. Note that the time evolution of AV is calculated by using numerical
simulation of RD model listed in Table 6.1, while AVyt is calculated using ana-
Iytical expression listed in Table 6.2. As mentioned earlier in this chapter and also
analyzed in detail in Chap. 4, AVt component is negligible for HKMG devices
and is not shown.

It is important to remark that similar to SION devices, the D4 HKMG device
having larger N content in the gate insulator shows higher overall AVt as well as
larger AVt in the sub 1 ms time scale. It can be seen that AV is larger for the D4
device due to larger N content, and can explain larger degradation observed in sub
1 ms time for this device. Both AVt and AVyr components increase due to N,
although the relative increase is much larger for AVyr component, refer to Chap. 4
for additional details. Higher AVt component for the D4 device is consistent with
flicker noise data shown in the inset.

Figure 6.10 shows the time evolution of measured AV from short to long fgtg in
different HKMG devices having RTP based non-nitrided (D2) and nitrided (D4) IL
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Fig. 6.10 Time evolution of UF-MSM measured AVy for NBTI stress using different
combinations of Vg.grr and 7 in different HKMG devices. Overall composite model solution is
shown as lines

layers. Experiments were done at three different 7, and for each T, three different
Vi.str values have been used for stress. The model calculated AV time evolution
is also plotted, calculations agree well with measured data as shown. The corre-
sponding DCIV measured and RD model calculated underlying time evolution of
AVir are shown earlier in Fig. 6.5. The fixed and device dependent adjustable
model parameters for AVt and AVyr are listed, respectively, in Tables 6.1 and 6.2;
similar fixed parameter values are used for SION and HKMG devices. Moreover,
the fixed and device dependent adjustable model parameters are identical to that
used in Chap. 4.

Therefore, the composite modeling framework can readily explain time evolu-
tion of AV for differently processed SiION and HKMG p-MOSFETs, for different
stress and measurement conditions as shown. Note that similar attempts were also
made in [27, 65] to predict AVt time evolution for SiON devices using RD model
calculated ANt and fast saturating ANyt components. However, these reports use
RD model in its primitive form with only atomic H diffusion, which gives rise to
power-law time dependence of ANy with time exponent n = 1/4, see Chap. 5, and is
not consistent with experimental data shown in Chap. 3. Moreover, note that the
alternative modeling approaches shown in [45, 61-64] fail to predict AVt time
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evolution especially at longer zstg, refer to [25, 48, 88], and therefore, these models
have limited use and are not pursued.

6.3 Recovery After DC Stress

As mentioned earlier in this chapter, it is now well known that NBTI degradation
substantially recovers after the removal of stress. The impact of recovery was
discovered long ago [26], and has subsequently resulted in the development of
different ultra-fast measurement methods [27, 30-32]. Recovery has been exten-
sively studied in [28, 29, 45, 64, 69], and it was concluded, by highlighting the
discrepancy between measured AVp recovery and RD model calculated ANt
recovery, that RD model is not suitable to explain the physical mechanism of NBTL
It was also opined that generated traps during NBTI stress are permanent, and it is
only the trapped holes that get de-trapped and cause AV recovery. Therefore, AN
and ANyt are, respectively, denoted as permanent (P) and recoverable
(R) components [69]. There are several flaws in the above hypothesis since actual
recovery mechanism is more complex than envisioned in these reports, and is due to
the following reasons:

(a) As discussed earlier in this chapter and analyzed in detail in Chap. 4 for
differently processed SiON and HKMG p-MOSFETs, NBTI stress results in
AVit, AVyr and in certain situations AVt subcomponents; overall AVr is the
uncorrelated sum of these subcomponents. Hence, it is naive to assume AVp
recovery is due to the recovery of AV}t only, without considering the recovery
of AVyr and AV, as explained in [25, 48, 85] and discussed in this chapter.
Therefore, it is improper to compare the RD model calculated ANt recovery
to measured AV recovery.

(b) Moreover, direct experimental evidence of the recovery of generated ANt has
been shown in Chaps. 2 and 3, and therefore, it is incorrect to denote ANyt as
permanent; however, it is possible that a fraction of AN;r may never recover.
Although the simple 1D macroscopic RD model framework described in
Chap. 5 can predict time evolution of ANy during stress, the framework needs
to be suitably modified to model stochastic hopping of H, during ANt
recovery as explained in [25, 48], and is also discussed in this chapter.

(c) Finally, note that some fraction of the RD model generated traps, i.e., broken
X~ and Si- bonds, would go below the substrate Fermi level as |V is reduced
from stress to recovery. These traps would capture electrons and neutralize
before getting depassivated with returning H,. Electron capture results in faster
recovery of generated traps than predicted by RD model solution, which is
explained in [42, 86, 87] and discussed in this chapter.

Therefore, the simplistic NBTI recovery picture depicted in [28, 29, 45, 64, 69]
is inaccurate, and the exact physical process is explained hereinafter.
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6.3.1 Modeling Framework

Figure 6.11 illustrates the schematic representation of the time evolution of different
subcomponents during stress and recovery experiments. As mentioned before, AVir
is the primary component during stress, is calculated using H/H, RD model solu-
tion, and shows power law time dependence with time exponent n = 1 at short and
n = 1/6 at long tsTr. AVyr is a fast saturation component and depends on the quality
of the gate insulator, while AVqt evolves at longer fgtr, shows power law time
dependence with exponent n ~ 1/3, and makes significant contribution for thicker
gate insulators and at higher Vg_str and stress 7. As shown earlier in this chapter
and in Chap. 4, AVt can be significantly large for SION devices for certain stress
conditions, while its contribution is much smaller for HKMG devices.

Figure 6.12 shows the schematic energy band diagrams drawn at the center of
the channel for HKMG p-MOSFET biased under NBTI stress and recovery con-
ditions, the recovery is shown for relatively higher and lower Vg. As |Vg| is reduced
from stress (Vg = Vg.str) to recovery (Vg = Vg.rec), some of the RD model
generated X- and Si- defects go below the Fermi level and capture electrons [94].
More defects would undergo this process when recovery is done at lower Vg. As
explained using DFT simulation results for the particular case of different Ov
related defects, see Fig. 6.2, the defect levels relaxes in energy after electron capture
due to structural relaxation effects.

Therefore, as shown in Fig. 6.11, the generated AVir subcomponent is reduced
by one of the two mechanisms during recovery. A fraction of traps (AVit.;) that go
below the Fermi level would recover by fast electron capture. The remaining
fraction of traps (AVit.,) would remain above the Fermi level, and would recover
by back diffusion of H, and H and passivation of X- and Si-defects. Note that
AVir_y includes traps from both first and second interfaces, and so is AVir_,. Finally,
some fraction of trapped holes in pre-existing (AVyt) and generated (AVot) bulk
traps would also go below the Fermi level and will detrap. Therefore, overall
AVyrecovery is uncorrelated sum of three subcomponents, fast electron capture in
some fraction of RD model generated traps (AVir.1), slow recovery of the remaining

end of stress measurement
start of recovery measurement

N

degradation

time (log scale)

Fig. 6.11 Schematic representation of recovery of different NBTI subcomponents after stress.
Recovery starts as soon as Vg is reduced, while the captured data depends on measurement speed
(start of recovery measurement)
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stress: high |V| recovery: medium |V| recovery: low |Vg|

Fig. 6.12 Schematic energy band diagrams for a stress, as well as for recovery at b relatively
larger and ¢ small gate bias. The circles represent generated traps, their occupancy (empty of full)
and energy relaxation of filled traps

RD model generated traps (AVit.,), and fast hole detrapping from a fraction of
pre-existing and generated bulk traps (AVyr + AVor). As shown in Fig. 6.11,
electron capture and hole detrapping are fast processes, and measured recovery
would depend on the measurement speed.

Table 6.3 shows the stretched exponential analytical expressions used to cal-
culate fast electron capture in RD model generated traps and hole detrapping from
pre-existing and generated bulk insulator traps, see (6.13) and (6.14), respectively.
Since electron capture reduces the positive gate insulator charge generated due to
NBTI stress, both electron capture and hole detrapping expressions are similar, with
T independent parameters Tgc, Pec and Trec, Brec, respectively. These parameters
determine the rate of electron capture and hole detrapping. The Fgast parameter
determines the fraction of RD model generated traps that go below the Fermi level
and capture electrons. Py is the magnitude of pre-existing and generated bulk traps
that remain above the Fermi level at a particular Vg rgec, and therefore, holes
trapped in these traps do not detrap. The pre-factors D, and D, are calculated using
Feast * AVpr and (AVyr + AVgr) values obtained at the end of stress.

Figure 6.13 shows the schematic of double interface H/H, RD model during
recovery after NBTI stress. H, molecules diffuse back towards the second interface
and react with broken X- to form X—H bonds and H atoms. The resultant H atoms
diffuse towards the first interface to passivate broken Si—bonds. The phenomenon is
just opposite to stress, shown earlier in Fig. 6.4. Note that in reality, broken X-
bonds are randomly located in 3D in the gate insulator, and the H, molecule, being
a slow diffuser, needs to hop around till it gets captured and reacts with X-—.

Table 6.3 Equations for electron capture in RD model generated traps and detrapping of holes
from pre-existing and generated bulk traps

() frc 6.13)
AVITI (l) = D1 1 —e \*

(6.14)

PREC
(AVHT + AVOT)(Z) = D2 67 <@) + PHT
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Therefore, when all broken X— bonds are assumed at the second interface, the H,
molecule needs to hop around near the second interface till it finds a broken X- to
react. Ideally, the same should hold for diffusing H atom during stress; however,
being a fast diffuser, the atomic H can find X—H bonds in short-time scale and the H
hopping is not a rate limiting step. Similarly during recovery, once H atom is
released, it can very quickly find another broken Si— or X— bond and react, and is
also not a rate limiting step.

The probability of H, finding an available X- is greater at the beginning of
recovery. However, the hopping of H, prior to reaction with X— would be longer for
longer recovery time, as most broken X— bonds would be consumed with passage
of time. In a simple 1D RD model framework, this physical mechanism can be
effectively captured by slowing down the H, diffusivity Dy, over time, using the
relation Dy (7) = Diao/[1 + Bp * (#/tstr)], Where Dy is the diffusivity of H, used
during stress and fgtg is the total stress time before the start of recovery phase [25].
The parameter Bp determines the extent of reduction in diffusivity required in 1D
simulation, Bp = 0 denotes basic RD model. Note that back diffused H, and H
passivate all RD model generated X- and Si-defects, irrespective of whether they
remain above or below the Fermi level for a particular V5 grgc. Of course, if a defect
is already neutralized by electron capture, its subsequent passivation does not
impact AVt recovery. Moreover, some of the released H species during stress can
become trapped or otherwise lost in the system. These H species can be considered
as locked and will not be available during recovery [26], and therefore, some of the
RD model generated defects will remain as permanent.

Figure 6.14 shows the time evolution of UF-MSM measured AVy after NBTI
stress in HKMG p-MOSFETs for identical Vg gtr, fsTr and stress T but relatively
() higher and (b) lower |Vg.rgc|- Refer to Chap. 2 for details of UF-MSM method
for recovery characterization. Note that for identical stress condition, AVt at the
start of recovery is lower and the rate of recovery is much faster at lower |Vg_rgc|
when compared to measured data at higher |Vgrgc| Calculated AVy and its
underlying subcomponents obtained by using the composite modeling framework
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Fig. 6.14 Time evolution of UF-MSM measured AVt recovery after NBTI stress in HKMG
devices (symbols), for different Vg rgc. Overall composite model solution and its underlying trap
passivation, electron capture and hole de-trapping subcomponents are shown as lines

are also shown. The time-dependent shape of hole detrapping (AVyur + AVor)
component and the associated permanent component Pyt depends on Vg.rgc as
shown, faster rate of detrapping and smaller residual Pyr is observed for lower
|Vo-rec| As explained before, AVir recovers by fast electron capture (AVyr.;) and
by slower H, diffusion related passivation (AVit.,) processes, a larger AVt fraction
recovers by electron capture at lower |Vg_rgc| as expected. The recovery of AVt
is calculated using the RD model solution with reduced Dy, as discussed above,
and a fraction of AVjr_, remains unrecovered, denoted as Prg, due to locking effect
mentioned above. The ratio of AVt at the beginning of stress to Prg at the end of
stress remains independent of |V rec| as neutral H species are involved.

The H; hopping related slowing down of AVit., recovery and the permanent Prg
component associated with H, locking effect determine recovery at long time and
need further attention. Figure 6.15 plots the time evolution of RD model calculated
AVir_, recovery without and with Dy, slow down effect. Reduced rate of recovery
is observed when Dy, reduction is invoked. The permanent Prg component is also
shown, the ratio of AV, at start of recovery to Prg at end of recovery is kept
identical to that used in Fig. 6.14. Time evolution of total AV}t recovery including
the reduced Dy, solution and Prg component is shown, which can be effectively
modeled using a single reduced Dy, RD model simulation, but with larger value of
parameter Bp that results in larger reduction at longer time, which is akin to sim-
ulating the H, lock-in effect. Note that for simplicity, all recovery simulations done
using the H/H, RD model to predict the time evolution of AVit., component of
overall AVt use an effective but larger reduced diffusivity, which automatically
takes into account the permanent component. Simulated results are shown in the
following section.
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Fig. 6.15 Macroscopic 1D implementation of 3D stochastic hopping effect for trap passivation:
time evolution of RD model calculated recovery without and with delayed diffusivity. The sum of
delayed diffusivity and non-recoverable component is shown, which can be modeled using an
effective RD model solution with larger reduction in diffusivity

6.3.2 Analysis of SiON and HKMG Devices

Figure 6.16 plots the time evolution of AV recovery measured using 7y = 1 us OTF
method in SiON p-MOSFETs having different gate insulator processes. Recovery is
measured after devices are stressed at fixed Vg_str and tgtr but with different T (left
panels), and also at fixed V5_gtr and T but for different s (right panels). The OTF
method for recovery measurements is explained in Chap. 2. The OTF measured
time evolution of AV during stress for these devices are shown and modeled in
Fig. 6.8.

Calculated AV, AVyt and AVt subcomponents are obtained at end-of-stress,
and used to model time evolution of recovery using the framework discussed
earlier. Note that due to the use of relatively high |Vg_rgc|, recovery of RD model
generated traps occurs mostly via trap passivation due to H, back diffusion and not
so much via electron capture. The time evolution of AVt recovery calculated using
the composite modeling framework is also plotted in Fig. 6.16, the model agrees
reasonably well with measured data across different devices and experimental
conditions. Consistent model parameters have been used for stress and recovery
simulations. Once the device dependent parameters are adjusted for a particular
device, they are not tweaked for variations in experimental conditions.

Figure 6.17 plots the time evolution of measured AV recovery following NBTI
stress in SiON devices at different fgtg, obtained from published report [69].
Experiments have been performed at fixed Vg_gtr and T while gy is varied over a
wide range, and recovery is measured over long recovery time (tgrgc). Two different
combinations of Vg_str and T are used for stress. The corresponding time evolution
of AV during stress for these stress conditions, also obtained from [69], is modeled
to determine the end-of-stress AV, AVyr and AVt subcomponents (not plotted
here for brevity). The composite modeling framework is used to calculate the time
evolution of recovery of these subcomponents and hence the recovery of overall
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AVy. The time evolution of calculated AVt recovery is also shown, which agrees
reasonably well with measured data as shown. Consistent model parameters are
used to calculate AV recovery in Figs. 6.16 and 6.17, as very similar SiON devices
have been used [48, 69].

Figure 6.18 plots the time evolution of AVt recovery measured using UF-MSM
method in HKMG devices. NBTI stress is done using different Vg_grr (top panels),
stress T (middle panels) and tstr (bottom panels), and recovery is done using high
|Vorec| (left panels) and using |Vgrec| = 0 V (right panels). Recovery measure-
ment using the UF-MSM method is discussed in Chap. 2. As mentioned before, for
identical Vg_str, stress T and fgtr, the magnitude of AV at start of recovery is
lower and the rate of recovery is faster for lower |Vg.rgc|, and this remains valid for
different type of stress scenarios shown in Fig. 6.18. The time evolution of
UF-MSM measured AVt during stress using different V_gtr and T is plotted and
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Fig. 6.18 Time evolution of UF-MSM measured AVt recovery (symbols), after NBTI stress in
HKMG devices for different stress bias, stress T and stress time, and measured using relatively
high as well as 0 V Vg rgc. Overall composite model solution is shown as lines
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analyzed in Fig. 6.10. The composite modeling framework is used to calculate
AVir, AVyt and AVot subcomponents at end-of-stress, and to calculate their time
evolution during recovery after stress. The calculated time evolution of overall AVy
during recovery for different experimental conditions is plotted in Fig. 6.18; the
model is in good agreement with measured data for such diverse experimental
conditions. Note that consistent model parameters are used during stress and
recovery calculations.

Figure 6.19 plots the time evolution of AVy recovery measured using UF-MSM
method at different |Vg.rec|, following NBTI stress in HKMG devices performed at
fixed Vg.str and T but for (a) long and (b) short stress duration. Note that the
magnitude of AVy at the start of recovery and the rate of recovery is a strong
function of |Vg.recl, a significant reduction in the starting magnitude is observed
when recovery is measured at lower |Vggrec| Also note that AVr continues to
recover in time for all values of |Vg.rec|, although at a reduced rate at higher
|Vo-rec|, when measured after long zgtg. This also holds for recovery measured
using low |Vg.rec| after short zgrr stress. However, when recovery is measured at
higher |Vg.rec| after stress for short zgtr, AVr does not continue to recover all the
way, but turns around and subsequently increases at longer time; the turnaround
kicks in earlier for larger |Vg.rgc| The composite framework has been used to
calculate recovery of AVt and its underlying subcomponents. The time evolution of
calculated AVt and AVit recovery are also plotted in Fig. 6.19. Remarkably, the
composite model can successfully predict time evolution of AVt recovery for dif-
ferent experimental conditions, and particularly, can also predict the turn around
and increase in AVy observed at longer time for certain experimental conditions.
Note that the observed turnaround is due to delayed buildup of AV;r because of trap
generation when recovery measurements are done at higher |Vg_rgc|, which can be
successfully simulated using the RD model.
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Therefore, contrary to some reports, the RD model based composite modeling
framework can successfully explain diverse set of recovery measurements in dif-
ferently processed SiON and HKMG devices, hitherto not achieved by any other
modeling framework reported so far. The framework is used to predict AC deg-
radation in the following section.

6.4 Degradation During AC Stress

As generated AVt during DC stress recovers after the stress is removed, AC stress
results in lower magnitude of AVy than DC stress and is of interest from the
viewpoint of digital switching logic circuits. Similar to DC stress, AV time evo-
Iution during AC stress also should be measured using ultra-fast method to obtain
proper DC to AC ratio for a particular AC pulse frequency and duty cycle. As
illustrated in Chap. 2, Fig. 2.14, ultra-fast AC measurements can be done using the
UF-MSM technique after the end of last half cycle, denoted as Mode-A stress, or at
the end of complete last cycle, denoted as Mode-B stress. Figure 2.15 in Chap.
2 shows the time evolution of UF-MSM measured AV, the impact of PDC, f and
pulse low bias (Vg. ow) on measured AV at fixed fgrgr, and the impact of f on
measured power-law time exponent n for AC Mode-A and Mode-B NBTI stress in
HKMG devices. Additional AC stress results are shown in Chap. 1, Figs. 1.31 and
1.32. The following observations can be made:

(a) Mode-A measured AV magnitude is higher and the corresponding power-law
time exponent n is lower compared to Mode-B measurements for low f AC
stress; Mode-A AV reduces and time exponent n increases with f and merge
with Mode-B measured data at higher f.

(b) Mode-B measured AVt magnitude and time exponent n remains independent
of f. Indeed, published data show f independence of AVt for AC stress having
fup to few GHz [21, 44]. The findependence of Mode-B stress is observed for
different PDC, and the corresponding time exponent shows universal n ~ 1/6
value at different f and PDC.

(c) A characteristic “S” shaped PDC dependence of measured AV is observed for
both Mode-A and Mode-B stress. A “kink” or jump in AVt magnitude is
observed between high PDC AC and DC measurements. The magnitude of
this kink depends on pulse f and Vg ow values, and also on the type, i.e.,
Mode-A or Mode-B, of AC stress.

(d) The DC to AC ratio at different PDC and f depends on V51 ow, although the
shape of PDC and f dependence is maintained at different Vg ow for both
Mode-A and Mode-B stress. Lower AV magnitude is measured for lower
Va-Low for both Mode-A and Mode-B stress. This is consistent with |Vg_rgc|
dependence of recovery discussed earlier, since for AC stress, degradation
recovers during the pulse low phase.
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In this section, the above experimental observations will be modeled using the
composite framework discussed in previous sections. Note that AC stress experi-
ments are performed in HKMG p-MOSFETs. Therefore, interface trap generation
and hole trapping subcomponents are used to model measured data, and bulk trap
generation is ignored.

6.4.1 RD Model for Generation of Interface Traps

Similar to DC stress, DCIV measurements have been performed to directly estimate
interface trap generation during AC stress at different PDC and f. Measured results
are shown in Chap. 3, and DCIV method is explained in Chap. 2. As DCIV is a
slow measurement method, only Mode-B AC stress can be used, and the time
evolution of measured ANyt needs to be corrected for measurement delay and band
gap as explained in Chap. 2. The following observations can be made regarding
DCIV measured during AC stress, refer to from Chap. 3, Fig. 3.7 for details:

(a) Time evolution of AN;r shows power law dependence with identical time
exponent n ~ 1/6 for different PDC, f and Vg1 ow values. Note the similarity
of time exponent n between UF-MSM measured AVy and DCIV measured
ANt for Mode-B stress.

(b) Measured ANt shows f independence, and once again, UF-MSM measured
AVy and DCIV measured AN;t show identical trend. However, the AC to DC
ratio is much larger for ANt than AVt. Moreover, unlike AV, the AC to DC
ratio for ANyt does not depend on Vg ow-

(c) Although ANjrincreases with increased PDC, the PDC dependent shape of
ANt is somewhat different from that of AVy. Moreover, unlike AV, measured
ANpr does not show a kink between high PDC AC and DC stress. It is
important to remark that when normalized to 50 % AC, the PDC dependence
of ANyr and AVy show universal shape up to ~85 % PDC for different
devices and stress conditions, which is explained later in this section.

In previous sections, RD model has been used to predict the time evolution of
ANyt generated during DC stress and its subsequent recovery after stress. Note that
contrary to some reports, ANy indeed recovers after stress, which is evident from
direct DCIV measurements, results are shown in Chap. 2, Figs. 2.31 and 2.32.
The RD model can be used to simulate time evolution of ANt during AC stress,
refer to Chap. 5 for implementation details.

Figure 6.20 shows the time evolution of DCIV measured ANjr after measure-
ment delay and band gap correction, for AC NBTI stress in HKMG devices at
different PDC; pulse Vg.mign (=Va.str)s Vo-Low (=VG.rec), f and stress T are held
constant. Time evolution of ANy calculated from RD model simulation for iden-
tical stress condition is also shown, identical model parameters are used for DC and
AC stress. Note that simulated results agree well with measurements for AC stress
at different PDC; the corresponding measured and simulated ANyr time evolution
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results for DC stress at different Vg_str and T are shown earlier in Fig. 6.5. It is
important to remark that full AC simulation is computationally expensive, and
therefore, AC simulations for very long #gtr and/or very high f become computa-
tionally challenging. However, time evolution of measured AN;p demonstrates
power law dependence with universal time exponent n ~ 1/6, and moreover, ANt
magnitude is findependent as mentioned above. These features can be explained by
RD model [78], refer to Chap. 5 for additional details. Therefore, simulated ANt
time evolution data at relatively shorter tsr and lower f can be extrapolated using
simple analytical model to obtain AN;t at longer fgtr and at higher f.

Figure 6.21 shows ANt at fixed fgtg, obtained from DCIV measured time
evolution of ANjr after measurement delay and band gap correction, for NBTI
stress in HKMG devices for different (a) PDC and (b) f of the AC gate pulse.
Measured AC stress data are normalized to the corresponding DC stress data at
identical zgrR; therefore, the actual AC stress duration depends on PDC or the pulse
on time. The PDC dependent experiments are done using different combinations of
Vo.aicu and Vg1 ow; however, identical AC to DC ratio has been obtained for all
combinations of stress as shown. Note that measured ANyt shows f independence,
and also note the absence of kink between high PDC AC and DC stress.
Calculated PDC and f dependence of AN;t obtained from RD model simulations are
also shown, AC data are normalized to DC data at identical fgtg for fair compar-
ison. Identical RD model parameters are used for DC and AC stress, and simulated
results agree well with measurements as shown. Moreover, RD model suggests
Vis-Low independence of ANyr, which is consistent with recovery being governed
by back diffusion of neutral H, species, and is also in agreement with measured
data. The predicted f independence of ANyt is also in agreement with measure-
ments, and is a fundamental outcome of the RD model [78]. Note that RD model
can predict n = 1/6 power-law time dependence of ANyt for DC and AC stress and
the f independence of ANt for AC stress with zero adjustable parameters, refer to
Chap. 5 for additional details.
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Fig. 6.21 DCIV measured ANyt after delay and band gap correction (symbols) at fixed tsgr, for
AC NBTI stress in HKMG devices for different pulse duty cycle and frequency. PDC dependent
data measured for different pulse high and low bias combinations. Lines represent RD model
solution. Simple empirical expression (see text) is used to fit actual simulated data at lower f, and
the calibrated expression is used to predict data at higher f to save computation time

6.4.2 Transient Trap Occupancy Calculation

Although RD model can accurately predict the time evolution of DCIV measured
ANyt during and after DC stress and during AC stress for different experimental
conditions, occupancy of generated traps needs to be considered for computing the
charged state of generated traps and associated voltage shift. As explained earlier,
the voltage shift AVir corresponding to generated traps equals g * AN11/Cox during
stress; ANyt being the density of traps situated above the Fermi level during stress.
However, AVir is divided into AVir; and AVit., components during recovery,
depending on whether recovery occurs via fast electron capture in a part of ANt
that goes below the Fermi level as |Vg| is reduced, or by H, depassivation in the
other part of ANt that remains above the Fermi level, as explained using Fig. 6.11.
Since AC stress is equivalent to successive stress and recovery cycles, trap occu-
pancy should be suitably calculated to convert RD model simulated time evolution
of ANyt to time evolution of AVit.

This conversion is performed using Transient Trap Occupancy Model (TTOM),
which was proposed in [87] and explained using Fig. 6.22 and Table 6.4. First, AC
simulation using the double interface H/H, RD model with reduced Dy is done to
obtain ANyt (7) as a function of time (¢) for successive on and off periods of gate
stress pulse shown in Fig. 6.22. Table 6.4 lists the empirical equations used for trap
occupancy calculation. To calculate AVyr (f) at a given ¢ during a particular on half
cycle, see Fig. 6.22a, ANyt needs to be calculated using the RD model at fzopr and
trops, 1.€., time corresponding to the end of last off half cycle and the end of
previous on half cycle. In addition, AVt needs to be known at tgopr, Which can be
obtained form recovery calculation discussed below. At a time 7oy for the on half
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Fig. 6.22 Schematic of gate pulse showing the region of interest for a stress and b recovery for
transient trap occupancy calculation

Table 6.4 Equations for transient trap occupancy calculation for RD model generated traps
during multi-cycle DC or AC stress

AVir(t) = AVir(tgopr) (6.15)
+q/Cox AN 11(t) = AN 1 (tgopr )] (6.16)
+q/Cox Feast AN 1 (tpopr ) — AN (tpops) *exp { — (t, /T )Pecy]

*[1-exp{— (ton/Ter) ™ }] (6.17)
AVip(t) = ¢/Cox*(1-Fepgr) * AN (1) (6.18)

+q/Cox™Faast AN i1 (tpops) — AN 11 (topr )] ¥ exp { = (top/ T )Ii['r }(6.19)
i 2 | L.
+q/Cox Frast AN 1t popr ) — ANt popps) *exp { — (t,/1 r—.(t)] B

*[M—expi—(ty/t f-;l-;)[;':"' H *exp{—(topr/Trc )Pec) (6.20)
Parameters :

Electron capture:- Ty and Py, Electron emission:- Ty and Pgg,

Fast fraction:- Fgpgt

cycle of interest that corresponds to a total time simulation time #, AVt (¢) is cal-
culated by adding two equations to AVt (fgopr)- The first (6.16) relates generation
of new ANyt in on half cycle of interest, which can be obtained from RD simulation.
The second (6.17) calculates electron detrapping from the traps that have captured
electrons in the previous off half cycle and is explained hereinafter.

Recall that Fragr is the fraction of traps that go below Fermi level as |Vg| is
reduced for recovery. The pre-factor of (6.17) has two terms. The first term cor-
responds to traps that remain below Fermi level and are still un-passivated at tgopg.
The second term corresponds to reduction in positively charged traps due to
electron capture during previous off half cycle, and denotes residual charges due to
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traps that have gone below Fermi level but have not captured electrons at fgopg.
Note that electron capture during off half cycle is analogous to emission of holes,
i.e., reduction in positive charges, and is computed using stretched exponential
equation with parameters tgc and Pgc. Therefore, the pre-factor of (6.17) denotes
density of traps that remained occupied with electrons at the onset of on half cycle
of interest, and these traps emit electrons during the current on cycle. The electron
emission is analogous to hole capture and increase in positive charge, and a suitable
stretched exponential equation is used with parameters tgg and Pgg. Electron
capture is a fast process and uses very small tzc. However, traps relax in energy
after electron capture as shown in Fig. 6.2, which increases the time constant Tgg
associated with subsequent electron emission. It can be shown that for first on half
cycle, the TTOM model becomes the usual voltage shift expression g * AN1/Cox.

To calculate AViy (¢) at a given ¢ during a particular off half cycle, see Fig. 6.22b,
ANyt values need to be calculated at tzops, fropr and fgopps. i.€., time corresponding
to the end of last on half cycle, the end of the previous off half cycle, and also at the
end of previous to previous on half cycle. At time #opg for the off half cycle of
interest that corresponds to a total time simulation time t, AVt (¢) is calculated by
using three equations listed in Table 6.4. The first (6.18) corresponds to trap pas-
sivation and denotes residual charges in traps that remain above Fermi level and also
remain un-passivated till time fopp. The pre-factor of the second (6.19) denotes
generation of traps during the previous on half cycle, and hence the overall (6.18)
corresponds to recovery due to electron capture in these generated traps, and denotes
residual charges due to traps that have gone below Fermi level but have not captured
electrons till time zogg. The third (6.20) has three terms. As explained above, the first
term denotes density of traps that remained occupied with electrons at the onset of
previous on half cycle, and the second term corresponds to electron emission from
these traps during the previous on half cycle. Therefore, product of the first two
terms corresponds to traps that got carried over from previous cycles, are not
occupied by electrons, and go below Fermi level in the current off half cycle and
become available to get neutralized by electron capture. The complete (6.20) denotes
residual charges in these traps, which have still not captured electrons till 7og.

Therefore, generation and recovery of traps as calculated by the RD model and
charge occupancy of these traps as calculated using the model described above can
be used to calculate AViy for successive stress and recovery cycles. As an illus-
tration, Fig. 6.23 plots voltage shift corresponding to trap generation and passiv-
ation calculated using the RD model, and also due to electron capture into these
traps during recovery and emission from them during subsequent stress calculated
using TTOM. The individual trap generation, passivation, electron capture and
emission subcomponents for every on and off cycles are also shown. As mentioned
before, electron capture is fast but subsequent re-emission is slow, and this can be
visualized from Fig. 6.23. As illustrated, transient occupancy of generated traps
plays a very important role in determining overall voltage shift contribution due to
generated traps during multi-cycle DC or AC stress.

Figure 6.24 plots the time evolution of voltage shift corresponding to ANyt and
AVir calculated, respectively, using the RD model and TTOM with different Fpasr
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parameters, for (a) multiple DC stress and recovery cycles as well as (b) higher f AC
stress; Fig. 6.24a can be considered as AC stress with very low f. The DC data are
also shown as reference. Figure 6.24a shows that ¢ * AN;/Cox and AVyr are
identical for the first on half cycle as expected, but they separate out from the first
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off half cycle due to electron capture as expected. AVt during recovery is lower
than g * AN/Cox; their separation depends on Fgagt, Which is determined by
Vi-rec. Figure 6.24b shows that the time evolution of g * AN/Cox and AVt show
power-law dependence with identical exponent n = 1/6, and their separation
depends on Fragt or Vg ow as expected. The DC to AC ratio is governed by the
parameter Fragt for both multi-cycle DC and high f AC stress as shown.

6.4.3 Hole Trapping and Detrapping

Although interface trap generation dominates NBTI, contribution due to trapping
and detrapping of holes in pre-existing traps need to be considered to compute the
time evolution of overall AVy during multiple DC stress and recovery cycles as well
as during high f AC stress. TDDB like bulk trap generation is ignored. Table 6.5
lists the cyclostationary stretched exponential (6.21) to calculate hole trapping into
and detrapping from pre-existing bulk traps. Identical expressions as shown in
Tables 6.2 and 6.3 have been used, with parameters tstgr, PBstr and Trec, Brec,
respectively, for hole trapping and detrapping processes.

6.4.4 Analysis of Experimental Results

Figure 6.25 shows the time evolution of UF-MSM measured AVt for subsequent
DC stress and recovery cycles for NBTI stress in HKMG p-MOSFETs.
Experiments are performed for symmetric stress and recovery periods for (a) high
Vs-Low (=VG.rec) and for (b) Vg row = 0 V. Experiments are also performed for
Vi-Low = 0 V and for asymmetric stress and recovery periods, with (c) large on and
short off and (d) short on and large off phases. Identical Vg gy (=Vg.str) and
stress T are used for all stress conditions.

Time evolution of calculated AVt and its underlying AVir and AVyt subcom-
ponents are also shown. Excellent agreement has been obtained between measured
and calculated degradation. Note that AVir is calculated using RD model and
TTOM, while AVyr is calculated using cyclostationary model, and all model
parameters are kept exactly identical to that used for predicting single stress and
recovery experiments shown earlier in this chapter.

Figure 6.26 shows the time evolution of UF-MSM measured AV for Mode-B
AC NBTI stress in HKMG p-MOSFETs for (a) different V.1 ow but fixed PDC,
and (b) different PDC but fixed V5.1 ow, While other stress parameters, i.e., Vg_HiGh,

Table 6.5 Equations for hole trapping and detrapping for multi-cycle DC and AC stress

AVHTDN(I) = AVHT(EOPR) + [AVHT,MAX — AVHT(EOPR)} * [1 — eXp{—(lON/TSTR)BSTR }] (6.21)
AVHT,OFF(t) = AVHT(EOPS) * CXp{f(IOFF/Tkﬁc)ﬁRFC}
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Fig. 6.25 Time evolution of UF-MSM measured AVt during sequential DC NBTI stress and
recovery cycles in HKMG devices (symbols), for (a, b) different Vg_rgc but symmetric stress and
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solution and its underlying trap generation and trapping subcomponent are shown as lines
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f and stress T are kept constant. The DC data are shown as reference. Note that
power-law time dependence is observed for different Vg ow and PDC with
identical exponent n ~ 1/6 that is characteristics of RD model. It will be shown
later that hole-trapping component is negligible for Mode-B stress, and therefore,



6 Modeling of DC and AC NBTI Degradation and Recovery ... 245

time evolution of measured AVt can be explained using AVt obtained from RD
model and TTOM calculations across different PDC and Vg ow as shown. The
model agrees well with measured data, and calculations are done with fixed model
parameters to predict PDC dependence, only Fragr is varied to predict Vg ow
dependence that governs the ratio of generated traps that undergo fast electron
capture. Note that although not encountered in digital circuits, the predictive
capability of the model for different Vg1 ow dependent data suggests accuracy of
TTOM calculations.

Figure 6.27 plots the PDC dependence of UF-MSM measured AVry at fixed fgrR,
for Mode-B AC NBTI stress in HKMG p-MOSFETs for different V1 ow; all other
stress parameters are kept constant. The DC value is shown as reference. As
explained earlier in this chapter, AVt for DC stress consists of AVir and AVyr,
while AVt remained negligible for HKMG devices. As mentioned before and will
also be explained later in this chapter, AVyr is negligible for Mode-B AC stress.
Therefore, measured AVt for Mode-B stress is solely due to AVyr. The dotted line
represents AVyr for AC stress calculated using RD model without considering
electron trapping. The difference between calculated AVir and measured AVt at DC
is due to AVyr. However, the magnitude of AVyr is small and its absence for
Mode-B AC stress is not sufficient to explain the large AC to DC ratio observed for
different PDC and Vg.ow. The solid lines represent calculated AVir with trap
occupancy obtained using RD model and TTOM based framework. The model
agrees well with measured data across different PDC and Vg 1ow. As mentioned
before, PDC dependence is calculated using identical model parameters, while only
the FrasT parameter is varied to explain Vg ow dependence.

Figure 6.28 shows the PDC dependence of AV for AC Mode-B NBTI stress in
HKMG p-MOSFETs, measured using UF-MSM technique having different

60

& nC DC
50 VGVH[GH / VG—LOW

A -15v/-08V
awk| O -15v/-04v| _.--"T
O -1s5v/ov

e
-
- |

30+

AV, (mV)

20

[0.284]

[ Mode-B AC, 100 KHz |

0 1 1 1 1 1 1
0 20 40 60 80 100

duty cycle (%)

Fig. 6.27 PDC dependence of UF-MSM measured AVr at fixed fstgr, for Mode-B AC NBTI stress
in HKMG devices at different Vgow (symbols). DC data shown as reference. Dotted line
represents RD model solution. Solid lines represent RD model solution together with transient trap
occupancy. Hole trapping contribution is negligible
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measurement delay. Refer to Chap. 2 for a detailed discussion on the impact of
measurement delay on UF-MSM measurements for AC stress. The DC data mea-
sured using identical measurement delay are also shown as reference. Except PDC,
other stress conditions, e.g., Vo.miga, Vo-Low, f and T are kept constant. Note that
measurement delay impacts AVy for DC but not for Mode-B AC stress.

Recall that AVt for Mode-B AC stress is dominated by AVyr. AC stress is done
at VgLow = 0 V that ensures electron capture induced trap neutralization during the
last off half cycle. As electron capture is fast, measurements with additional delay
do not impact resultant AVy, since generated traps in the last on half cycle gets
neutralized in the last off half cycle. Moreover, as AVyr is negligible for Mode-B
stress, AVt is also not influenced by hole detrapping time constant during delayed
measurements. However, the same is not true for DC stress, which results in both
AVyr and AVyr. Therefore, electron capture into generated traps and hole detrap-
ping takes place as |Vg| is reduced after stress for measurement, and their magnitude
depends on measurement delay. Finally, note that the passivation of interface traps
is a slower process and does not play a big role unless measurement delay is made
artificially large.

Figure 6.29 plots AV as a function of AC pulse ffor Mode-B NBTI stress; DC
data are also shown as reference. Data are obtained from various sources and are
normalized to f= 1 kHz AC data.” Note that AV for AC Mode-B stress is governed
by AVir, and its magnitude does not depend on measurement delay. Therefore, data
from different sources show universal f independence; the f independence being the
characteristics of RD model that governs AVir, as discussed earlier in this section. It
is important to remark that the occupancy of RD model generated traps determine
the magnitude of AVitr. However, trap occupancy calculation results in a f inde-
pendent constant scaling factor that depends only on Vg ow, for the range of
f studied in this work. Therefore, measured data demonstrate the characteristic
findependence of RD model as shown.

%Since measured data show f independence, the normalization can be done using any f.


http://dx.doi.org/10.1007/978-81-322-2508-9_2

6 Modeling of DC and AC NBTI Degradation and Recovery ... 247

JLa O HKMG-D2
O HKMG-D4

3 A [44]

5 [46]

I < [46]

¥ v_[51]

o

A
| B RERRE %

! L L L

._%/
DC 10" 10' 10° 10° 10 10° 10"
frequency (Hz)

Fig. 6.29 Frequency dependence of AV at fixed tstr for Mode-B AC stress at 50 % PDC. Data
obtained from SiON devices (slow MSM), HKMG devices (UF-MSM) and also from difference
published reports. DC data shown as reference. All f dependent dataset are normalized to their
respective AC data at 1 kHz. Line represents RD model solution

However, the DC data show a large spread, and is due to differences in mea-
surement speed used by different groups. As discussed above, measurement speed
determines the extent of recovery due to electron capture and hole detrapping as
|Vg| is reduced from stress. Moreover, the spread in DC data also depends on the
quality of the gate insulator used by different groups, which determines the mag-
nitude of trapped holes during stress. The AC Mode-B data are free from hole
trapping as discussed below, and hence is not impacted by gate insulator quality.

Figure 6.30 plots the PDC dependence of AVt for Mode-B NBTI stress in
different SiON and HKMG p-MOSFETs. SiON data are obtained using slow MSM
method for different Vg 1 oww. HKMG-A data are obtained using UF-MSM method
on devices having different IL quality, for different f and Vg ow. HKMG-B data
are obtained using slow MSM method for different Vg1 ow. HKMG-C data are also
obtained using slow MSM method on devices having different IL quality.
Additional data are plotted from published reports. Such diverse set of data show a
remarkable universality when normalized to their respective 50 % PDC value, and
this universality is seen for AC stress up to ~85 % PDC. However, a large spread
in normalized AVr is observed for higher PDC AC and DC (PDC = 100 %) stress.

As mentioned before and also explained in the next section, measured AV for
Mode-B AC stress is predominantly due to AVir and contribution from AVyr is
negligible unless PDC becomes very high. Hence, AVt is not influenced by rea-
sonable measurement delay as discussed in Fig. 6.28. Note that PDC dependence of
AVir is governed by RD model. Although the actual magnitude of AVt depends on
occupancy of generated traps, trap occupancy calculation introduces a constant
scaling factor, which is independent of f and PDC and only depends on Vg1 ow of
the gate pulse as shown earlier. Therefore, the RD model dictated PDC dependent
shape, represented by the dotted line, is maintained for different type of measured
data up to moderately high PDC stress as shown in Fig. 6.30.
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Fig. 6.30 PDC dependence of AV at fixed tsrr for Mode-B AC stress for different devices and
experimental conditions. SiON, HKMG-B and different HKMG-C devices are measured using
slow MSM for different Vg gigr and Vgiow combinations. Different HKMG-A devices are
measured using UF-MSM for different values of Vg ow. Data also obtained from published
reports. DC data shown as reference. All PDC dependent dataset are normalized to their respective
50 % PDC AC data. Line represents RD model solution

A scatter in measured AVr is observed for very high PDC AC stress. Note that
the pulse off half cycle becomes smaller at larger PDC. Therefore, measured AVy
would depend on both AV;r and to some extent also by AV, especially for devices
with inferior quality of gate insulator, as holes trapped during on half cycle do not
get sufficient time to detrap during off half cycle. As a consequence, measured AVy
is influenced by the quality of gate insulator that determines the magnitude of AVyr.
Moreover, AVy will also be impacted by measurement delay that impacts the
magnitude of hole detrapping. These aspects are responsible for the observed scatter
at higher PDC. However, although small, the pulse off time is still good for fast
electron capture in generated traps, and therefore, this phenomenon does not play
any role, unless the f becomes too large and very high PDC data are analyzed.

The scenario becomes even more different for DC stress, which is governed by
both AVt and AVyt, and hence measured AV depends on the gate insulator quality
and shows a spread as shown. However, more importantly, as |Vg| is reduced for
measurement, AVy starts to recover not only by hole detrapping and reduction in
AVyr, but also due to fast electron capture and reduction in AVit, while trap
passivation remains negligible for reasonably shorter measurement delay.
Therefore, DC measurement is strongly influenced by measurement delay in
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addition to gate insulator quality, and different type of measurements with
unspecified delay between stress and measurement on different types of devices
result in a very large spread in AVt for DC stress as shown.

6.4.5 Comparative Analysis of Mode-A and Mode-B Stress

Figure 6.31 shows the time evolution of UF-MSM measured AVt for Mode-A and
Mode-B AC stress in HKMG p-MOSFETs for (a) PDC = 50 % and
(b) PDC = 99 %, all other stress conditions, i.e., Vg.nigu, Vo.Low and f are kept
constant. Note that AVt shows power-law time dependence for both stress modes.
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Fig. 6.31 Time evolution of UF-MSM measured AV for Mode-A and Mode-B AC NBTI stress
in HKMG devices (symbols) at a low PDC and b high PDC. Overall model prediction and its
underlying subcomponents are shown as lines. Power-law time exponent n for AV time evolution
at longer rgrr for Mode-B AC stress, versus ¢ pulse high (Vg pign), d stress 7, e frequency for
different PDC and f duty cycle for different f
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The Mode-B stress shows universal time exponent n ~ 1/6 for both PDC, while the
magnitude of AVy increases with PDC as expected. However, the Mode-A stress
shows higher AVt and lower n than Mode-B, and the difference increases for higher
PDC stress.

Time evolution of AV}t calculated using RD model and TTOM are also shown,
and calculated AV magnitude is quite close to measured AVt for Mode-B stress at
both PDC, and verifies that Mode-B stress is dominated by AV;t. Note that due to
high f; calculated AViy values for Mode-A stress is closer to Mode-B value and not
shown. The difference between calculated AVt and measured AVr, i.e., extracted
AVyr component is shown for Mode-A and Mode-B stress for both PDC. Note that
AVyr is non negligible for Mode-A stress and increases significantly for higher
PDC. On the other hand, AVyt is negligible for lower PDC and becomes visible
only at higher PDC Mode-B stress, although, AV is always dominated by AVir as
shown.

Time evolution of AVt is measured using UF-MSM for different AC Mode-B
stress conditions and power-law time exponent is extracted. Figure 6.31 also plots
extracted time exponent n as a function of (¢) Vg_pign, (d) stress T, (e) frequency
and (f) PDC; the f dependence is studied at difference PDC and similarly, the PDC
dependence is studied at different f. Note that the universal time exponent n ~ 1/6
is obtained for all stress conditions, which also matches well with that predicted
using the TTOM augmented RD model solution for AC NBTI stress. Therefore, it
is unequivocally established that AVir dominates AV for Mode-B AC stress for
diverse experimental conditions.

Figure 6.32 shows UF-MSM measured AVt at fixed fsr, for AC Mode-A and
Mode-B NBTI stress in HKMG p-MOSFETs as a function of (a, b) PDC and (c, d)
frequency. Experiments are performed for different V51 ow, as shown in (a) and
(c) for PDC and f dependence, respectively. Moreover, PDC dependence is studied
at different f and the frequency dependence at different PDC, as shown in (b) and
(d), respectively. Other stress parameters are kept constant. Note that PDC
dependence of AVt shows S shaped characteristics and a kink or jump between
high PDC AC and DC stress. The AC to DC ratio at different PDC and the
magnitude of the kink depends on f and Vg ow. Mode-B stress shows f indepen-
dent AV for different PDC and Vgiow. Mode-A AVr is larger compared to
Mode-B AVr at lower fand this holds true for different PDC and Vg1 ow. However,
Mode-A AVy reduces and eventually merges with Mode-B AV at higher f and
shows f independence.

The composite modeling framework consisting of AVt and AVyt subcompo-
nents is used to calculate PDC and f dependence of AVy as also shown in Fig. 6.32.
Modeled AVt for AC stress is obtained using identical parameters as used for DC
stress and recovery, and calculated AVy agrees well with measurements for such
diverse experimental conditions as shown. Figure 6.33 shows calculated (a) AV}t
and (b) AVyr subcomponents as a function of frequency, for Mode-A and Mode-B
AC stress for low and high PDC. Note that Mode-B AV is primarily due to AVt
and is calculated using TTOM augmented RD model. Mode-A AVr is due to both
AVir and AVyr especially at lower f, AVyy is calculated as mentioned before, while
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AVyr is calculated using the cyclostationary trapping expression shown in
Table 6.5. However, the AVt subcomponent reduces at higher ffor Mode-A stress,
and both Mode-A and Mode-B stress at higher fis dominated by AVir as shown.

As an additional proof, Fig. 6.34 shows recovery of AVt measured in HKMG
p-MOSFETs using UF-OTF method, after AC Mode-A and Mode-B NBTI stress at
low and high PDC. Note that a relatively higher |Vg_rgc| is used to minimize fast
electron capture, which ensures recovery of generated traps primarily by the slower
H, back diffusion induced passivation process. Note that Mode-B stress shows a
delayed start of recovery, which is consistent with the trap passivation process and
signifies the absence of hole detrapping. In contrast, recovery following Mode-A
stress starts early due to detrapping of trapped holes. However, once the available
holes get de-trapped, Mode-A AVt recovery merges with that for Mode-B at longer
time, and the recovery for both modes are governed by passivation of generated
traps as per RD model.

6.5 Compact Model for DC and AC Degradation

The framework consisting of TTOM enabled RD model and cyclostationary hole
trapping, discussed earlier in this chapter, is capable of providing the time evolution
of AVy for different AC stress conditions. It calculates degradation at the end of
each on and off half cycles. It can provide AVy at any tgTr Within a particular on or
off cycle of interest, which is done by noting degradation at the end of previous two
half cycles for stress and previous three half cycles for recovery calculations.
Although the framework is comprehensive and adheres to the underlying physical
process, calculations can become computationally taxing especially for high f AC
simulation over long fgtg.

In many situations, it is just sufficient to calculate AV at a fixed tstr during AC
stress, which can be done using the compact model shown in Table 6.6. AVir
(DC) and AVyr (DC) for a particular time can be calculated using the compact
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Table 6.6 Compact model equations to calculate AVt and AVyr at fixed fgtr for Mode-A and
Mode-B AC stress

AViri = Fpast*kpury " AVurpe (1 — CXP{*(fOFF/TEC)BEC}) *(CXP{*(ION/TEE)BEE}) (6.22)
AVira = (1 — Fpast) *kpury "AVirpe (6.23)
AVirr = AViirpe(1 = exp{—(ton/tsr)™™ }) * (exp{ — (forr/ Trec) ™™ }) 6.24)
AV = AVir + AViry + AVar (6.25)

model of Chap. 4, Table 4.1. For AC stress, AVyr is divided into AVir; and AVt
depending on recovery via fast electron capture and H,depassivation, respectively.
Equation (6.22) calculates AVit_; by using stretched exponential relation for elec-
tron emission and capture, using parameters Tgc, Prc and Tgg, Pgg, respectively.
The on (ton) and off (topp) time is calculated using 1/f * PDC and 1/f * (1 — PDC),
respectively, f and PDC being the frequency and duty of applied gate pulse.
Equation 6.23 calculates AVit.,, the parameter kpyTy is the PDC dependent DC to
AC scaling factor for generated traps, is given by RD model solution, and can be
approximated by using the analytical expression shown in (6.23). As before, Frast
determines the fraction of traps that undergo recovery by electron capture and
depends on Vg ow- Finally, hole trapping and detrapping (6.24) is calculated using
stretched exponential equations, with parameters Tstr, Pstr and Trec, Precs
respectively.

Figure 6.35 plots UF-MSM measured AVt at fixed fgyg for Mode-A and
Mode-B AC stress in HKMG p-MOSFETs for different (a) PDC and (b) frequency.
All other stress conditions are kept fixed. The dotted line shows compact model
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Fig. 6.35 UF-MSM measured AVy at fixed tgyr for Mode-A and Mode-B AC NBTI stress in
HKMG devices (symbols) as a function of a duty cycle and b frequency. Lines represent full
transient simulation (solid) and compact model calculation (dashed)
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calculation, while the solid line shows calculation using the TTOM enabled RD
model with cyclostationary hole trapping. Note that both models agree quiet well,
and the compact model can successfully predict the PDC and f dependence of AC
Mode-A and Mode-B degradation. It is important to remark that the time constant
related parameters for electron capture/emission and hole trapping/detrapping are
different between the two models.

Real life circuits often work under random AC activity and hence the capability
of the compact model needs to be tested for arbitrary pulse on and off conditions. In
particular, the occupancy calculation of generated traps is of interest, as the trap
generation subcomponent dominates overall degradation at long time and for AC
stress. Figure 6.36 illustrates two different examples, with (a) larger total pulse on
than off and (b) smaller total pulse on than off time. The solid line represents time
evolution of AVyr calculated using the composite framework consisting of TTOM
enabled RD model. In this framework, calculation is performed over sequential on
and off periods of the gate pulse to exactly track the gate activity. Note that a single
pulse of equivalent duty can be used to represent the random gate activity as shown.
The time evolution of AVy calculated using the TTOM enabled RD model
framework for this single effective pulse is also shown, and good agreement has
been achieved at identical total simulation time. Finally, the dots represent compact
model calculated DC and AC AVir at end of simulation time. Compact model
calculation agrees well with the actual and effective composite model calculation as
shown.

Figure 6.37 shows the time evolution of UF-MSM measured AVr for (a) DC and
(b) Mode-B AC NBTI stress in HKMG p-MOSFETs. Experiments are done at
higher Vg.str (Or VG.Hign) and T for a short time, and at lower Vg_str (or Vo.pigh)
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Fig. 6.36 Time evolution of simulated AVir using the transient occupancy enabled RD model for
arbitrary stress and recovery sequences. Data are shown from exact time tracking (solid) and
effective duty cycle (dashed) calculation. The fixed-time compact model calculation is also shown
(symbols)
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Fig. 6.37 Time evolution of UF-MSM measured AV for a DC and b Mode-B AC NBTI stress in
HKMG devices (symbols). Solid lines represent model calculation. Parameters are calibrated by
fitting shorter #5tr data at high Vg_str and high stress 7, and predictive capability of the calibrated
model is tested against longer fgtr data at lower Vg_str and lower stress 7. The underlying AVyr
and AVyt subcomponents are shown

and T for moderately long time, for both DC and AC stress. The DC compact model
shown in Chap. 4, Table 4.1 is calibrated using measured short-time DC data at
higher Vg.str and 7, and the calibrated compact model is used to predict long time
measured data at lower Vg.grr and 7, and also extrapolated to end-of-life time of
10 years. The calculated AVyr and AVyt contributions are also shown for the lower
VG.str and T condition.

Note that time evolution of AVt for Mode-B AC stress is dominated by AV;r as
discussed earlier in this chapter. Also note that the time evolution of AVyr shows
power-law dependence with identical n ~ 1/6 for both DC and AC stress. The AC
to DC scaling factor for AVyr, governed by fast electron capture and trap passiv-
ation, can be calculated using the compact model shown in Table 6.6 for a par-
ticular AC fand PDC. The DC compact model calculated time evolution of AVt is
scaled by this factor to calculate the time evolution of AV for AC stress at different
Vi-migu and T, since AVyr is negligible for Mode-B AC stress. The model agrees
well with measured data as shown in Fig. 6.37b. The extrapolated end-of-life
degradation is also calculated.

The above analysis has been performed on UF-MSM measured time evolution of
AV for DC and Mode-B AC stress in different HKMG devices D1 through D4
shown in Chap. 3, Fig. 3.2. Figure 6.38 shows the impact of EOT scaling on
(a) extrapolated AVy at 10 years, and on (b) time to reach a particular AVy, for DC
and AC stress. Note that Mode-B AC stress is dominated by AVyr, while both AVir
and AVyr contributes to DC stress. As a reference, the 10 year extrapolated AVir
value is also shown for DC stress in Fig. 6.38a. Note that although AVyzr contri-
bution is important for shorter time DC stress, end-of-life AVt is completely
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Fig. 6.38 a Estimated AVt and AVir at end of life (10 years) using the calibrated compact model
for DC and Mode-B AC NBTI stress in HKMG devices having different IL thickness leading to
different EOT. b Time to reach a particular degradation obtained from calculations shown in (a)

dominated by AVir as shown. Therefore, AV governs NBTI limited lifetime for
both DC and AC stress. The degradation increases and corresponding time to reach
a particular degradation reduces as EOT is scaled, calculations are done at fixed
overdrive and T for different devices. As explained in Chap. 4, enhanced degra-
dation for scaled EOT devices is due to increase in stress Epx, and also due to the
presence of higher N content in the gate stack for deeply scaled devices. A relief is
obtained for Mode-B AC stress as shown.

Before concluding, it is important to remark that the AC to DC ratio for AVyr is
governed by trap passivation and electron capture/emission processes. Note that
electron capture is a fast process having very short tgc. However, in certain situa-
tions such as very large f and high enough PDC, it is indeed possible that the pulse
off phase is not long enough for complete electron capture. Therefore, electron
capture will not be efficient if AVt is measured immediately after the ultra-short
pulse off phase without the gate spending additional time at lower Vg before
measurement. In such situation, AVr is likely to increase at very high f, which is
consistent with recently reported results [95]. Therefore, very high f AC mea-
surements need careful attention.

6.6 Summary

A comprehensive modeling framework is proposed to explain DC and AC NBTI
degradation. The framework uses generation of interface traps calculated using the
Reaction-Diffusion model, together with hole trapping in pre-existing bulk insulator
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traps and generation of new bulk insulator traps, calculated using empirical
expressions, to calculate overall degradation. Model calculation agrees well with
experimental time evolution of degradation, measured by using ultra-fast tech-
niques, for DC stress in differently processed SION and HKMG p-MOSFETs. The
model predicts measured degradation from very short to long stress time under
different stress conditions, with fixed and process dependent parameters that are
consistent with the compact model parameters listed in Chap. 4.

Detrapping of trapped holes in pre-existing and generated bulk insulator traps, as
well as reduction of charges associated with generated interface traps, is used to
model recovery of NBTI degradation after DC stress. Hole detrapping is computed
using analytical expressions. Generated interface trap recovers either by electron
capture if the trap goes below the Fermi level as stress bias is reduced, or via trap
passivation if the trap stays above the Fermi level. Electron capture is empirically
computed, while trap passivation is calculated using the modified RD model that
takes into account stochastic effects. The framework is used to explain measured
recovery data obtained using ultra-fast methods in differently processed SiON
devices for different stress conditions. It is also used to predict ultra-fast measured
data in HKMG devices, a wide variety of stress and recovery conditions. Calculated
recovery using consistent set of model parameters (as stress) agrees well with
measurements for diverse set of experimental conditions.

The DC stress and recovery framework is extended to calculate degradation for
successive DC stress and recovery phases and also for Mode-A and Mode-B AC
stress. A Transient Trap Occupancy Model is used to calculate the occupancy of
generated interface traps obtained using RD model simulation, and a cyclosta-
tionary empirical model is used for hole trapping. The framework is used to predict
measured degradation under multi-cycle DC and AC stress in HKMG devices for
different experimental conditions. Multi-cycle DC data for arbitrary stress and
recovery phases and AC data for different pulse frequency and duty is successfully
explained, with model parameters that are fully consistent with single DC stress and
recovery experiments. The accuracy of trap occupancy calculation is verified using
measured data at different recovery or pulse low biases.

Finally, a compact model has been proposed and verified against the composite
modeling framework for AC stress under diverse experimental conditions including
arbitrary gate activity. The compact model predicts identical DC to AC ratio as the
comprehensive model, and has been used to predict end-of-life degradation for
HKMG devices having different EOT. It has been shown that EOT scaling results in
enhanced NBTI, and moreover, generation of interface traps completely dominates
degradation at end-of-life for both DC and AC stress.
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