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Abstract

The development of CMOS technology is a double-edged sword: for one thing, it provides
faster, lower power-consuming, and smaller-size devices; for another, reliability issues such as
Negative Bias Temperature Instability (NBTI) and Hot Carrier Injection (HCI) become severer,
resulting in device/gate performance degradation. Compact and accurate modelling of these
issues is required in aid of IC design. Reliability modelling could be done at the transistor level:
the device parameter shift Ap(such as the threshold voltage AV},) or performance (for exam-
ple, the current 1,,) shift are described as time-related (¢..ss) functions. At the gate level, the
delay degradation is obtained with the insertion of the transistor-level parameter/performance
shift equations. The timing analysis at the gate level is done with methods such as the static
timing analysis (STA) rather than the time-consuming SPICE simulation, but the latter could
be adopted for characterisation owing to its accuracy. The reliability models at the transistor
level and the gate level interact with each other: the gate level model takes Ap as an input,
which must be derived from the transistor level model; the transistor level model determines
Ap with the value of t4..ss, Which is a statistical parameter in the gate level model. The models
achieve three goals: simplicity, time efficiency, and accuracy. The gate model called "Aging-
Gate” has been built up to take both NBTI (AV;y) and HCI (A1) into account; algorithms for
tsiress determination could be adopted for transistor level modelling. To simplify this model,
HCI is also modelled with AV}, such that the gate model equations could be simplified. A
surface-potential (¢,)-based transistor model is also available, and ¢4, is to be incorporated
in for AV, determination. The so called "recovery effect” in NBTI results in iterative methods

that suffer from time-efficiency problems. The new model provides a compact algorithm that

vii



achieves equivalent accuracy, which significantly improves the time efficiency. To ensure the
efficiency, the original AgingGate model ignores the recovery effect by adopting a simple DC
NBTI model, but this leads to overestimation of the delay degradation. The new model allevi-
ates this since the recovery effect is considered, yet the time efficiency is maintained in that

the new model is as fast as the DC model. Therefore, the accuracy is improved.
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Chapter 1

Introduction

In circuit/logic designs, the mainstream CMOS (Complementary Metal Oxide Semiconductor)
industry has been benefitting from transistor compact models (CMs) calibrated to a "golden
die” from a fab. Based on the "nominal” device model, transistor/gate level simulations are
conducted to evaluate the given performance figures-of-merit (FOM), which is the current
paradigm of chip design/fabrication. As the industry practice for decades, this paradigm has
been suffering from more and more reliability issues due to the continuous scaling of MOS
devices. For one thing, device degradation is inevitable; for another, circuit performance tar-
gets must be met and a satisfying yield has to be maintained. This contradiction may be the
bottleneck for future IC industry development. As a consequence, research and innovation on
reliability modelling become urgent, aiming at guaranteeing the performance and yield of the
coming generation chips. In fact, reliability ranks the top research priorities by the Semicon-

ductor Research Corporation (SRC).



CHAPTER 1. INTRODUCTION

1.1 Motivation

Benefiting from the constant technology scaling, integrated circuit (IC) is able to achieve
smaller device dimensions and higher operating frequency. However, problems arise at the
mean time since devices are exposed to higher operating temperature (due to thermal stress)
and higher electric field, which leads to faster device aging [1]. These reliability issues in-
fluence both transistors and circuits: at the transistor level, devices become slower owing to
parameter changes such as the creation of interface states (/N;r); since the circuit delay is de-
termined by the charging/discharging speed of the transistors, slower transistors lead to delay
degradation at the gate level. As is known, a circuit is restricted with time constraints to meet
the frequency requirements; the delay degradation may violate these constraints, resulting in

malfunctions of the circuit.

Electronic Design Automation (EDA) tools (such as SPICE) are of great importance
for IC designers in that they provide analyses and synthesis at the circuit level. Simulations
could be done to predict the circuit performance. Since transistors are the basic components

of circuits, transistor level reliability study will help gate level reliability analysis.

A transistor-level static compact model is the foundation of the research work. The
Vin-based models requires large numbers of mathematical smoothing functions and empirical
model parameters; besides, models like the BSIM [2] encounters Gummel symmetry problems
[3]. The charge-based models mainly serve the analog application since they are able to
describe the weak inversion region precisely [4, 5, 6]; however, they still rely on numbers of
mathematical smoothing functions. The surface potential (¢5)-based model method is physic-
based. It avoids problems in the aforementioned two modelling methods. Besides, it is scalable

and accurate. Therefore, ¢s-based compact model is adopted for the reliability study.

The two reliability problems-Negative Bias Temperature Instability (NBTI) and Hot
Carrier Injection (HCI) are both stress and time related: the stressing voltages applied to the
devices terminals trigger the aging process, the seriousness of which depends on the stressing

time (ts1res5). Device modelling parameters such as V;;, and mobility (1) will change as a result.
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These parameter shifts lead to transistor performance (such as I,,) degradation. Compared
with a "fresh” device, a degraded one consumes more time to transfer charges of the same
amount, which means it is "slower”. Slower devices requires longer time to charge/discharge
the digital circuit. Gate delay is thus longer. With time going, circuit timing specification may
be violated [7, 8, 9].

Simulation tools such as SPICE are capable of handling small size circuits with high
accuracy. However, for circuits with tens of thousands of gates, SPICE simulation becomes
very time consuming. For complex circuits, the timing analysis could only be done at the gate
level with methods such as Static Timing Analysis (STA). STA improves the time efficiency at
the sacrifice of a slight trade-off of accuracy. As is mentioned in [10], STA achieves a three
orders of magnitude speed-up on average, while the mean error is below 7%. Hence, STA is
the state-of-art for circuit timing analysis. SPICE simulation is adopted for the verification of

the critical path delay obtained from STA.

As could be seen later in Chapter 2, some gate level reliability models build up
the simple relation (some are even linear) between gate-level delay degradation (AD) and
transistor-level parameter (current, threshold voltage, and etc) degradation (Ap); the accu-
racies of those models have been proven. An important point is that the accuracy and the
efficiency of the gate-level models rely on those of the transistor-level models. A key point is
that Ap is time (t)-related. As will be described in Chapter 3, NBTl is either described with a
simple DC model (neglecting the fact that a device is turned on/off alternately such that it is
actually an AC case) or with an iterative AC model; the former results in overestimation while
the latter suffers from an efficiency problem. Besides, Chapter 3 and Chapter 4 will also show
that the transistor-level models require the aid of subcircuits (voltage source/current source
are added into the original circuit), which leads to the circuit complexity. Our motivation is to
build a transistor level reliability model such that it could accurately and efficiently capture the
Ap — t relation. Only in this way will the accuracy and efficiency of the gate level reliability
model be secured. We are going to take the advantages of both the ¢, based device-level
model and the STA based gate model. As a new parameter, time (¢) is incorporated into the ¢,

based core model. At the transistor level, compact model equations are to be derived to model
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the parameter shift (Ap). Since most gate level models directly link these shifts with the gate

delay degradation (A D), accurate transistor level reliability models are required.

1.2 Objective

The objectives of this research includes:

e Develop a ¢, based compact model of AV}, due to NBTI. The model must be concise,

precise, and scalable. Meanwhile, it must be highly time-efficient.

e Develop a ¢s based compact model of AV}, owing to HCI. Accuracy and Scalability must

be guaranteed.

1.3 Major Contributions of the Thesis

The major contributions of the thesis are as follows:

e Proposed a new compact modelling method for the AC-case NBTI to replace the time-
consuming iterative method. The new model is analytical and generates the same re-

sults as the iterative method, but the time efficiency is improved by orders.

e Proposed a ¢, based compact modelling method for HCl. Compared with the old-style A1,
model, it links ¢ directly with AV;;,. The new model is scalable and more precise. Be-

sides, as a model parameter, AV}, is easer to manipulate in gate level modelling.

e Simplified the AgingGate model with a single device model parameter shift AV}, by elim-
inating Al,, (since I,, is a performance parameter rather than model parameter, and
it does not appear in the device model card). The recovery effect of NBTI is added in
without affecting the time efficiency; in addition, the overlapping part of NBTI and HCl is

removed. The overall precision of the model might be improved.

4
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1.4 Organization of the report

The thesis comes in 5 chapters. Apart from the introduction in Chapter 1, the thesis is organ-

ised in the following style:

e Chapter 2 briefly reviews the modelling methods of NBTI and HCI. Then the reliability-related
background knowledge of the ¢s-based transistor level model is introduced. In addition,
fundamentals of the timing analysis at the gate level, including the state-of-the-art of the
reliability-relevant timing analysis is brought in. The problems arises from models at both

levels will be discussed, the solution of which are the targets of this thesis.

e Chapter 3 firstly describes the reaction-diffusion (RD) based models of NBTI for both DC
and AC cases. Their advantages and disadvantages are discussed. Then the simulation
results for both scenarios are compared, based on which a compact model for AC case
is obtained. In addition, the role that NBTI plays in gate level modelling is introduced,

according to the AgingGate model (mainly for t...ss determination).

e Chapter 4 starts with the I,,,, based HCI models and their drawbacks due to which they are
not suitable as the state-of-the-art. Then the 2-D RD model is introduced to explain
the time-coefficient dependence of HCI. ¢ is finally inserted to build up the new model,
in which AV;;, is modelled instead of Al,,. Again we take advantage of the AgingGate
model to determine the stressing time of HCI. Though beyond the scope of this thesis, we
propose a methodology to simplify the AgingGate model. Meanwhile, since the ¢, based
model does not include the parameter V;,, which is a key parameter for transistor/gate
level reliability modelling, alternative methods are discussed to incorporate the ¢s-based

model into transistor/gate levels.

e Chapter 5 concludes the thesis and gives some perspectives for the future work.



Chapter 2

Fundamentals of reliability modelling

at transistor/gate levels

2.1 Fundamentals of reliability modelling

The CMOS technology advancement greatly improves the integration density of electronic
systems. However, the reliability issues, including NBTI and HCI, turn to limit this density. The
designed lifetime of a circuit must be guaranteed with the correct functional operation [11];
therefore, reliability modelling of a circuit has to be carried out at the design phase, taking the
clock frequency, operating voltage, and temperature into consideration. The reliability of circuit
depends on the performance of the transistors since they are the basic building blocks of a
digital circuit. So it is reasonable to starts the reliability modelling at the transistor level. This

section briefly review the models of two reliability issues: NBTI and HCI.

6



CHAPTER 2. FUNDAMENTALS OF RELIABILITY MODELLING AT TRANSISTOR/GATE LEVELS

2.1.1  AV,, modelling due to NBTI

NBTI occurs in a PMOSFET when it is turned on such that the potential at its gate terminal
is lower than those at the source and drain terminals. It becomes more severe at higher
temperature. The physical mechanism of NBTI is still under debate, and a widely accepted
hypothesis is the dissociation of Silicon-Hydrogen (S¢ — H) bonds located at the gate oxide
and bulk interface, with the subsequent diffusion of the hydrogen species into the oxide [12].

This hypothesis leads to the so-called Reaction-Diffusion (RD) model [13, 14, 15].

Transistors in the nano-regime has thinner gate oxides, while the applied voltages
do not scale equivalently. The electric field strength in the gate oxide (E,,) is thus increasing,

which is one of the main reasons for NBTI. To alleviate boron diffusion, nitrogen is "inserted

in gate oxide; but as shown in [16], the insertion of nitrogen deteriorates the NBTI effects.

Electrical performances such as the saturation current (/) and the transconduc-
tance (¢.,) degrade due to NBTI. NBTI does not require the current flow through the device,
and it degrades the PMOSFET as long as |Vgs| > |Vi,| [17, 18]. The dissociation of Si — H
bonds leaves interface states (/N;r) behinds, leading to V4, shift, which plays the role of the
monitor that characterises the degradation process. Ay, is time-dependent, experimental ob-
servations and mathematical solutions demonstrate that for a stressing time ¢, AV (¢) could
be related to ¢ as:

AV (t) o t" (Eq. 2.1)

n is the time-coefficient ranging from 0.16 to 0.25 [18, 9]. According to [19], 0.16 corresponds
to H, diffusion while 0.25 is explained as the diffusion of neutral H atoms [13]. Apart from time,
NBTI relies on the voltage stress and the thermal stress. [20, 21, 22] describe an exponential
law to explain the NBTI dependence on V,. And the temperature (T) dependence is modelled
with the Arrhenius law. Altogether:

AViy(t) o< exp(BVy) - exp(— ki}) " (Eq. 2.2)

In Eq. 2.2:
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B j: coefficient describing the V, dependence;
B F,: activation energy of NBTI;

B %z: Boltzmanns constant.

The RD model attributes NBTI to E,, rather than V,, there for Eq. 2.2 should provide more
details. As could be seen later, the ¢,;-based model is able to describe E,, as a function of

device structure parameters and the input voltages (including V).

2.1.2 HCI modelling

When electrons/holes at the drain end of a MOSFET gain sufficient energy, they are able to
be injected into the gate oxide, leading to device parameter degradation (including V;;, and
the channel mobility 1). Lateral electric field [23] plays the key role of HCI, as charge carriers
are accelerated along the channel from the source to the drain. In addition, impact ionisation
occurs near the drain region. Under the influence of the vertical electric field (like NBTI), some
of those "hot” charge carriers get "lucky” to surmount the surface energy barrier and they are

trapped in the gate oxide. Similar to NBTI, HCI also degrades I;,; and g.,.

According to [24], AV}, caused by HCI is linearly related to the density of interface
states and inversely proportional to the effective channel length L.;;. Consequently, L.;s
scaling makes HCI more severe. Despite the fact that the future technology will reduce the

supply voltage to below 1V, HCI influence could not be ignored.

[25] proposed a power-low equation that related N;r to the various parameters:

& . exp(_ ¢’it
qAeEm

NIT:CO‘[W

)" (Eq. 2.3)

In which

B (C): process constant ranging from 1.9-2.0 [26];

8
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B [, drain-source current;

B W: channel width;

B ¢,;: critical energy to create interface states, with a value of 3.7¢V

B )\.: channel mean free path of an electron, [26] gives a value of 6.7nm;

B E,,: lateral electric field strength near the drain region

Unlike NBTI that is singly influenced by the vertical electric field, HCI is also affected by the

lateral field, F,,. [27] gives an analytical expression of E,,,:
== (Eq. 2.4)

In Eq. 2.4, t,, is the gate oxide thickness and z; is the drain-junction depth. [28] states that
\V/3tos; is the effective thickness of the pinch-off region. ”3” is the ratio of Si permittivity and
that of Si0O,. Vi is the saturation voltage. For the V;,-based device models, V;, for long
channel transistors is simply described as V,;, — V;;; a more complicated V;,,; model for short
channel devices in [27] says:

(V;]s - Vth) -L- Esat
(Vgs - Vth) +L- Esat

Vdsat = (Eq 25)

E,.: the lateral field strength for electron velocity saturation.

Apart from Nyp, there are also models that relate HCI to the stressing time ¢syess-

Most models depict HCI as a power law function of g ess:

HCI ot (Eq. 2.6)

stress

[29, 30] describes HCI as a function of channel length, the stressing voltage, temperature, and
tstress- 1hose equations have similar forms to Eq. 2.6; however, they do not give a physical
explanation of the derivation of n. Later in Chapter 4, we will adopt the reaction-diffusion

model to solve this problem.
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2.2 ¢.-based transistor model

2.2.1 ¢, modelling

As could be seen from the last section, transistor level reliability models are not just simple
functions of time. Voltages (or more precisely, the electric field strength), and temperature are
also involved. These parameters could be captured by the ¢s-based transistor model. The
advantage of the ¢,-based model over those based on V;, or the charge has been discussed
in Chapter 1. This model is able to analytically describe the terminal electric characteristics of
transistors based on physic, and it precisely predicts the behaviours of real devices. Apart from
accuracy, it is faster compared with the conventional iterative methods [31]. A short summary

of the advantages of the ¢,-based model is listed below:

e Gummel Symmetry Test (GST) is a benchmark test to qualify a compact model [32, 33].
GST requires that the drain-source current (I;5) to be a strict odd function of V. The

¢s based model passes this test [34]; however, the V;;, based method fails this test [35];

e The V;;, based model uses smoothing functions to join the sub-V;; region and the strong
inversion region with regional approximations in each region [36, 37]. By nature, it could
not model the moderate inversion region (the region in between the sub-V;; region and

the strong inversion region). ¢, model overcomes this difficulty;

e The V;;, based method pins ¢, to a constant value when the gate voltage is higher than V;;,
(but in reality ¢ changes slightly with the gate voltage). In this sense, the V}; based

model loses accuracy in the strong inversion region;

e Simplicity: the V;;, based model requires large numbers of empirical model parameters to
capture the short-channel effects [38]. These parameters are neither physical nor scal-

able. But this is not an issue for the ¢ based model.

This section reviews parts of the ¢s-based model that are relevant to reliability modelling,

including the analytical modelling of the surface potential, the inversion charge modelling, and

10
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Figure 2.1: 3-D NMOSFET

the saturation voltage determination.

Figure 2.1 shows a conventional n-type bulk MOSFET. The four labels, G, B, S, and
D represent the gate, the bulk, the source, and the drain terminals, via which the device com-
municates with other circuit components. It is a three-dimensional (3D) structure. Projected in
the Cartesian coordinate system, the direction from G to B is along the x-axis, while that from S
to D (along the channel) falls on the y-axis, and the channel width is on the z-axis. Regardless
of the direction along the channel width, a 2D problem is to be solved to describe the behaviour
of the device, which could only be done numerically. In order to facilitate the development of
the compact model, the scenario is simplified with proper assumptions. Approximations of the

analytical solutions are thus obtained and adopted in circuit simulators:

e Gradual Channel Approximation(GCA):

To start with, the 2D problem is decomposed into two 1D problems: without considering
the source and drain, a MOS capacitor remains, consisting of the gate, the oxide, and
the bulk. The two voltages inputs applied to the gate (V) and bulk (13) control the

polarities and amount of charge located in the Si bulk close to the Si-SiO, interface.

11
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For an NMOS, inversion charge (electrons) is able to flow in the y-direction in case a
potential difference is applied between the source (V;) and the drain (V). A 1D Poisson
equation is formed with the voltages applied to the gate (V) and the bulk (V3), based on
which ¢, is obtained. ¢, determines the density of the charge, which is driven to follow
along the channel due to the difference between V; and V; to give the output current.
To decompose the 2-D problem, the potential along the channel is assumed to change
gradually. As a result, it does not cause perturbation of the charge distribution controlled
by the Poisson equation. The 2-D problem decomposition is the so-called Graduation

Channel Approximation (GCA).

e Charge Sheet Approximation(CSA):

The work done by Pao and Sah [39] represents a criterion for other models even today.
The model is physically accurate while computationally inefficient in that it treated the
inversion charge to be located in a layer with a certain thickness. To meet the demand
for fast simulation, the inversion charge is assumed to be on an infinitesimally thin sheet
such that the potential drop on the inversion charge could be neglected. Calculation

could thus be greatly simplified.

With the gate-bulk bias (V;;) varying, a MOSFET could be operated in three different regions,
namely, accumulation, depletion, and strong inversion. Every region has one type of dominat-
ing charge (taking an NMOSFET as an example): positive holes dominates in the accumulation
region; in the depletion region, the depleted negative acceptors are the main charge carriers;

while in strong inversion, the negative inversion charge is the major charge carriers.

The three regions are separated by two particular voltages: the flatband voltage
(Veg) and V;;, are the boundaries of them. Vpp separates the accumulation and depletion
regions while V;, locates between the depletion and strong inversion regions. ¢, in these
regions could be derived explicitly according to the input voltage equation. The idea is, only
the dominating type of charge is considered in its respective region while the other two are
ignored. As ¢, is a continuous function of V,, solutions in the three regions are stitched

together to give a single piece ¢, solution, which is called the unified regional surface potential

12
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(URSP). At the boundary of two regions where there is no "dominating” charge, ¢ is tuned
asymptotically to the "actual” value with the aid of transition/smoothing functions [40]. This
method is of great significance in that it simplifies the computation complexity; besides, it is

suitable for future devices.

If the source and drain in Figure 2.1 are ignored, only an MOS capacitor remains.
When a potential difference is applied between the poly gate and the p-type Si bulk, it is

balanced by three parts:

e o5 work functions’ difference between bulk-Si and the gate;
e V,,: voltage drop on the capacitor;

e ¢,: surface potential denoting the band bending from Si-SiO, interface into the bulk.

The potential balance equation could be established as Eq. 2.7:

Vb = Oms + ¢s + Vou (Eq. 2.7)

The value of ¢, is determined by:

NepNg

=

OMS R —Vpy - In| (Eq. 2.8)

In Eq. 2.8, N,;, stands for the channel doping concentration, while N, is the gate doping con-
centration; n;, on the other hand, is the intrinsic carrier concentration. Thermal voltage is
defined in Eq. 2.9:

V= kpT (Eq. 2.9)

q

In Eq. 2.9, kg is the Boltzmann’s constant and T is temperature in Kelvin; q represents the fun-
damental charge. The oxide capacitance per unit area, C,,, is related the gate oxide thickness
tox:

Cp = 02 (Eq. 2.10)

tox

13
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The voltage drop across the gate oxide V,, is related to the gate charge Q, by:

Qg = Voz - Coz (Eq 211)

Apart from @4, another two types of charge are involved in the device during operation: the
effective oxide charge (Q..) due to the crystal and technology imperfection, and the induced

channel & depletion charge (Qs.). The charge balance requires [41]:

Qg + Qox + Qsc =0 (Eq 212)

The combination of Eq. 2.7 and Eq. 2.12 leads to the following relation:

Vg = dums — gw +¢s — gsc (Eq. 2.13)
oxr oxr
Vrp

The first two terms on the RHS of Eq. 2.13 is the flatband voltage, Vr5. The equations above
neglects the surface potential of the poly-S; gate (¢,) because of the high gate doping concen-

tration.

Charges in the bulk comes from four parts: holes, electrons, ionised acceptors and
donors; and their densities are p, n, N4, and Np respectively. For an NMOSFET, the bulk Si

possesses a Fermi potential, ¢, the value of which is:

Njg— N
OF = Vg - arcsinh(u) (Eq. 2.14)

Qni

The electron and hole concentrations are related to ¢ as[40]:

n=n;- exp(d)_zcﬁ) (Eq. 2.15)
tm
and
p="1- e:ﬁp(@) (Eq. 2.16)
tm

In Eq. 2.15 and Eq. 2.16, ¢ is the potential representing the band bending at a random point in

14
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the bulk, while V,; is a position-dependent channel-to-bulk voltage. N4 and N are determined
by the hole and electron concentrations far in the bulk (the neutral bulk) where ¢ approaches
0. Consequently [41, 42]:

Na = polpso = ni - el‘p(ZF) (Eq. 2.17)
While
Vep +
Np = noolp—0 = ni - &TP(—bvt(bF) (Eq. 2.18)

The charge density p is established as sum of n, p, N4, and Np. Charges in the bulk is
related to the electric field strength (E;) at the S; — S;05 interface according to Gauss’ law.

Considering the relation between potential and electric field strength:

d
Qsc = —€siFsi = €si ¢‘x:0 (Eq. 2.19)
dz

Poisson-Boltzmann equation links the potential to the charge density:

2
eo__» (Eq. 2.20)

dx? €si

The total charge in Si is obtained by integrating Eq. 2.20 once with the following boundary

conditions:
Blz=0 = b5
99| e =0 (Eq. 2.21)
Ple—soc =0
Then the analytical solution for Q. is:
Qsc = —Cog -7 - sgn(es):
Vo T 20r (Eq. 2.22)

\/Utm(exp(;¢s) - 1) + d)s + exp( )(vtmexp(ji) — Utm — ¢s)

tm Utm tm

~ is the body factor. N, is the effective channel doping concentration.sgn(¢,) stands for the

sign of ¢, which is 1 if ¢5 > 0 and -1 otherwise. For N4> Np:

Ny = niexp(qs—F) (Eq. 2.23)

Vtm

15
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The implicit ¢, solution described by [40]:

Vgp — VB — ¢s = v5gn(es)

— Vep + 2 Vep + 2
vemep(=22) = 1) + 9 (1 — eap(—~ 2T 2O0)) 4y eap(— Y200 (o Poy )
tm Utm Vtm Utm
hal,és ionised impurities electrons
(Eq. 2.24)

The contributions from different types of charges are shown in Eq. 2.24. As aforementioned, ¢,
in every region is derived by considering the dominating charge. Therefore, in the accumulation

region ( VyiVreg), Eq. 2.24 is simplified:

Ps

Utm

Voo = VEB — @5 = —’Y\/Utm(exp(— )—1) (Eq. 2.25)

This equation has a solution in the form of Lambert W function (denoted as £L{w}):

~
2\/ VUtm

Voo — Vi
2'Utm

¢s,acc = ng — Vi — 2'Utmﬁ{ €$p(— )} (Eq 226)

In the depletion region where only the depletion charge is considered, the voltage equation is
modified as:
Voo — ViR — ¢s = 7V s (Eq. 2.27)

The solution in this region is then:

_ 7 7 72 2 E
Gs,dep = {—5 A\t Voo — Vig} (Eq. 2.28)

With only electron counted in the strong inversion region, the potential equation has a similar

form to that in the accumulation region:

‘/Cb + 2¢F )(exp( ¢S
Vtm Vtm

Vop — Vi — ¢s = v\/vtmexp(— )—1) (Eq. 2.29)
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The solution of this equation is:

8 (ng_VFB_QQbF_Vcb

=V — Vi — 2um L
¢s,str gb FB Utm {2Mexp 20um

)} (Eq. 2.30)

It should be notices that Eq. 2.26, Eq. 2.28, and Eq. 2.30 are all mathematical expressions
for ¢s. They should be restricted in their respective regions such that they are physically

meaningful. Mathematical smoothing functions are adopted to join them together [31].

The ¢, solutions in the three regions (curves) are plotted together with the one-piece
unified ¢4 (dots) in Figure 2.2. The overlapping part of the red curve and the dots represents
¢s in the accumulation region (¢s 4cc); ¢s in the depletion region (¢ 4¢p) is Shown as the portion
of the blue curve that covered by the dots, ¢, is almost linearly related to V, in this region;
the reliability issues are closely related to ¢, in the strong inversion region (¢ ), denoted
as the dots crossed by the green curve. A very important property of ¢, . is that it is almost
constant, with only a slight increment as V, increases. This could be explained by Eq. 2.29:
the ratio of i—m appears in an exponential term, representing the electron density; therefore a
smaller change in ¢ leads to a huge increment of electron density. The potential drop across

the gate oxide is obtained according the potential balance:

Vom = Vgb — ¢JVIS - ¢s,str (Eq 2-31)

Since ¢, - is almost constant, there is a nearly linear relation between V,, and V, in the

strong inversion region. Further, E,, is related to V,, by:

E,y = (Eq. 2.32)

This is the ¢,-based electric field strength modelling. Both NBTI and HCI requires the mod-
elling of the channel charge density. Many compact models model the charge with charge
sheet approximation [43]. Besides, the depletion approximation assumes that there exists no
mobile charge in the depletion region beneath the Si — SiO interface. Along the y direction

from source to drain, the position-dependent ¢, is denoted as ¢,(y). The depletion charge

17
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Figure 2.2: ¢, solutions in the three regions and the unified ¢,

18



CHAPTER 2. FUNDAMENTALS OF RELIABILITY MODELLING AT TRANSISTOR/GATE LEVELS

density is approximately:

Qb = _70055 V ¢s(y) (Eq 233)

The total charge in S; consists of the depletion charge and the inversion charge (Q;), and

according to charge balance by Eq. 2.12:

Qi = _(Qg + Qox) —Qp = —CO.CE(‘/;][) —Vip — d’s(y) - st(y)) (Eq 234)

2.2.2 V,, modelling

The demand for V., modelling is in that it is related to HCI. It could be modelled with the cur-
rent flow through the device. The potential difference between the drain and the source leads to
the drift current 14,,+; as ¢s(y) in Eq. 2.34 is position-dependent, ); decreases monotonously
from the source to the drain. Electrons tend to diffuse from the high concentration to the low,
leading to the diffusion current (14 ¢ ). The overall current is the sum of the two. An NMOSFET
could be operated in either the linear region or the saturation region. In the linear region, the

linear current is described as [42]:

Ab,sA¢
2

W
Liinear = NeffOCoxf(‘/gt,s - + 'Uthb’s)AQb (Eq 235)

B is the gain factor defined as g = % Ag is the surface potential difference between the
source and the drain, which is approximately Vy,. Ay s is the source side bulk charge factor,

defined as:
Y

2\/ ¢s,s

In the saturation region, I4,;r; dominates the current, and /4 ¢ could be omitted. According to

Ay, =1+ (Eq. 2.36)

Eq. 2.34, the charge density at the source side (normalised to C,,) is:

VQLS = Vgb — Vrp — ¢s,s -7 Qbs,s (Eq. 2.37)
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And the saturation current is[42]:

Lisar = Wcom(‘/;]t,s - Ab,sAgb)Vsat (Eq 238)

vsat IN Eq. 2.38 is the saturation velocity of the electrons. It is related to the channel mobility

and the saturation electric field strength (lateral)[44]:

Vsat = 2p10Esat (Eq. 2.39)

By equating the RHS of Eq. 2.35 and that of Eq. 2.38, Vdsat is expressed as:

‘/gt,sEsatL
V:qt,s + Ab,sEsatL + 2Ab,svtm

Vds,sat = (Eq 240)

Eq. 2.40 has a similar form to Eq. 2.5.

2.3 Reliability analysis at the circuit and gate levels

2.3.1 Circuit level reliability models
At the circuit level, three steps are involved in the analysis of circuit performance degradation:

B SPICE simulation of the fresh circuit with the storage of transistor terminal current and

voltage waveforms;
B For every single transistor, the degradation model is generated from those waveforms;

B The degradation models are applied to the second SPICE simulation to give the circuit

performance degradation.

The Berkeley reliability tools (BERT)[45] is the first reliability simulator published. It could

be used for the determination of HCI caused circuit performance degradation; in addition,
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the probability of circuit failure owing to time dependent dielectric breakdown (TDDB) and

electromigration (EM) could be computed from BERT.

BERT first determines current components from the device channel, gate, and substrate-
I4(t), 14(t), and Iz, (t). Then a parameter called "AGE” is computed for every single transistor
according to these currents. "AGE” measures the severity of degradation. To determine the

device degradation after a time period of ¢.:

tdeg Id(t) Isub(t)
AGE,, = i Eq. 2.41
tacg 1 T,(¢)
AGE, = —(F Mgy (Eq. 2.42)
D 0 Hp( W )

The subscripts n and p are for NMOSFET and PMOSFET respectively. For a given technol-
ogy, H and m are experimentally determined. It is impractical for very long time (for example,
10 years) circuit simulation. Therefore, "AGE” is extrapolated from short time circuit simula-
tion. With BERT, the device degradation model could be determined such that the parameter
degradation Ap is an "AGE”-dependent function. The circuit performance degradation could

be obtained as the final step simulation.

Apart from BERT, there are commercial reliability simulators available such as RelX-
pert [46]. Reliability analysis has been integrated to HSPICE[47] and ELDO [48]. Both NBTI
and HCI are involved in RelXpert. ELDO applies an iteration method to determine Ap: a cer-
tain ¢4, is equally divided into V intervals. In every interval, the first two steps for degradation
analysis are conducted. In this case, the influence of degraded waveforms on Ap is taken
into account. [49] takes the influences of both process variation and aging into consideration.

Similar to ELDO, it is based on iteration.

The degradation equations are confidential in those commercial tools so that users
do not have access to the verification about the calculation of the degradation. They have
to trust those tools anyway. [50] claims that when user defined equations are adopted in

RelXpert, it suffers from accuracy problems.
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Circuit level reliability simulators have the advantage of precision. However, like other
circuit level simulations, it is stunted with time efficiency problems. Besides, as a prerequisite,
input vector is another problem: both the first and third steps of degradation analysis rely on
the input vector. It is needed to cause circuit degradation in the first step; while in the third step
it is used for the measurement of circuit performance degradation. Similar to SPICE, those

simulators are not suitable for simulations of complex circuits.

2.3.2 Gate level reliability models

To cope with the time efficiency problem, timing analysis at the gate level is done for complex
circuits, which is called STA. It is much faster with a simplified gate model and no requirement
for input vectors. A gate model is required for gate delay computation in STA. It gives a delay
caused by rising/falling transition for a timing arc, which is defined from the input to the output of
a gate. SPICE simulations are used to pre-characterise the delays of gates from the standard
cell library. The gate model is thus generated. STA only does the evaluation at the gate level
rather than the transistor level. Since no SPICE simulation is done for the entire circuit, STA is

more time efficient.

[51] models the gate delay with the simple formula:
D=C+0Cy-Cp (Eq. 2.43)

The gate delay D consists of two components: intrinsic part denoted as C; and the (Cr)-
dependent part with coefficient Cy. Cp, is the output load capacitance, which is composed of
the succeeding gates capacitance and the interconnect capacitance. This model is quite rough

since it does not take the impact of the input slope s;, into consideration.

In STA, a signal is represented as a ramp with a certain slope, which is tracked as the

transition time. Together with C, a popular gate model relies on the 2D look-up table (LUT).
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The LUT contains the gate delays as a function of both s;, and Cp:
D = f(Sin,CL) (Eq. 2.44)

For values of s;, and Cp, that are not on the LUT, interpolation is adopted to generate the
respective D. Since s;, is required in this model, and the s;,, of a succeeding gate is actually
the output slope (s,u¢) of its preceding gate. Therefore, s, is also stored in the LUT as a
function of s;, and C:

Sout = g(siru CL) (Eq. 2.45)

The accuracy of the LUT based model could be improved with more (s;,, Cr) points charac-
terised. The technology improvement leads to smaller gate capacitance but larger intercon-
nect resistance. As a result, a load could not be treated as a pure capacitance any more.
[52] proposed the “effective capacitance” method in which only one value is needed for the
interconnect network. With the application of this method, the LUT-based model could still be

used.

The LUT based gate model has been expanded for reliability study. [53] introduced
the analysis flow of the gate level reliability modelling and [54] is able to generate multiple
LUTs according to the predefined time, T, and S P(signal probability, which will be discussed
in details in Chapter 3)conditions. An obvious drawback of this method is the huge number of
LUTs, considering the workload at the gate input. For an inverter with only one input, 4 LUTs
are to be generated with 4 different SPs, as is shown in Figure 2.3. In case it is a NOR gate,
4x4=16 LUTs are needed since there are two inputs. In a standard cell library, some gate

could possess three or even more inputs. This means much more LUTs.

[55] proposed a reliability model called GLACIER, which describes the influence of

HCI on gate delay. It defines a factor «:

Daged

a(sin, Cr, TD) = (Eq. 2.46)

fresh

TD is the transition density, which will be covered in details in Chapter 4. Dy, is gate delay
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Figure 2.3: LUTs for gate level reliability modelling

before reliability problems occur while D,.q is that after t4.,. Dy,cqn has been described by
Eq. 2.44, while D4 is also a function of T'D apart from s;, and Cy,. For a gate with multiple
inputs, every input has its own 7'D. Then D, is a function of all TDs. For N transistors in

series:

N
a=)Y a,—(N-1) (Eq. 2.47)
n=1

a, comes from input n when it is the only switching input. This method does not consider
the influence from other inputs, neither does it take the parameter shift due to internal gate
structure into account. The gate models are extracted from circuit level reliability simulations,
which are subject to certain conditions (also called use profile) such as T, and SP. When

there is a condition change, a re-characterisation is required for the whole gate library.

A more general gate model directly related D,4.q to Ap. For examples, when the

impact of NBTI on gate delay is discussed, D, is related to AVy,:
Daged = Dfresh =+ AD(AW}L) (Eq 248)

Dqgeq is represent as the sum of fresh gate delay and a "delay shift” (AD) caused by parameter

shift. In this model, parameter shift is calculated independently according to the stressing
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conditions but not during the gate model characterisation. Therefore, it avoids the dependency

on the use profile. Linear approximations are used to related D,4.q and a parameter shift:

oD
Daged = Dfresh + rh Ap (Eq. 2.49)

%—? is the sensitivity of gate delay D on parameter p. In case of NBTI, p = V};,. [56] introduces

the a-power methodology that relates the drain current I,,,with V;,:
Iop o (Vg - Vs — ‘/th)a (Eq. 2.50)

[57] takes advantage of this method. D is assumed to be purely controlled by C, recharging:

Vaa - Cr, Cs
D= = Eq. 2.51
Ion (‘/g - ‘/s - V;fh)a ( 4 )
Cs in Eq. 2.51 is a certain constant. As a result, the sensitivity is:
oD -D
a (Eq. 2.52)

Vin  Vy—Ve— Vi

[58] also derives the gate model according to the a-power methodology. It mainly
discusses the impact of temperature on device degradation. The model in [59] considers the

stack effect, which mean every transistor in series has it own V,, other than V.

Ap for every transistor in a gate may be different, since the total time when it is under
stress may be different for every one of them. But there is usually only one AV}, used in all
those gate models. A common case is, AV}, for every individual transistor is calculated, but

only the Maximum is used in the model. This might introduce in large error.

[60] shows that for a NOR gate, the S Ps at both inputs will influence AV}, of either
transistor. Nevertheless, it just points out this phenomenon but no algorithm is derived. [61]
provides the method to derive the time that a transistor is under stress such that AV;;, could

be calculated; but it does not build up a gate model.
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2.4 Problems and Targets

In the first section of this chapter, the transistor level reliability models are introduced. Most
of these models are based on the accelerated experiment results: a device is under contin-
uous stress for a certain period of time. We call them DC models. At the gate level, the
voltage applied to the gate terminal of a MOSFET is switching; besides, for devices in series,
the drain/source terminal voltages are influenced by neighbours. A PMOSFET is not always
"ON”; and there is no continuous current flow through a MOSFET. Therefore, The DC reliability

models could not be directly inserted into the gate models.

The ¢s-based transistor model is able to accurately model the stressing condition of
a devices with the solution of the electric field strength and saturation voltage. But it is a static

model by nature, ¢ must be introduced into this model for reliability modelling.

The gate level models treat ¢ as a statistical parameter (unless historical data is
available, which tracks the terminal voltage of a device over time), which could be used at the
transistor level. The gate delay degradation is directly related to Ap from the transistor level
model. Therefore, the main target of this thesis is to provide compact yet accurate reliability
models at the transistor level such that they could be used for gate level modelling. This
thesis takes advantage of the gate level reliability model built by Dr. Dominik Lorenz from TUM
[29], and details of this model will be covered in Chapter 3 and 4, along with the NBTI and
HCI models. The definitions and algorithms for SP and T'D will be introduced, which are key

parameters for AV;, (at the transistor level) determination.
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Chapter 3

Negative Bias Temperature Instability

Modelling

Presently, NBTI is considered as the most severe reliability issue. In the past 40 years, it has
been a research topic [62]. The modern semiconductor technologies suffer more from NBTI,

make these research more and more popular.

Only PMOSFETSs are influenced by NBTI. When the device is biased in strong in-
version where its gate terminal is at a lower potential compared with the source/drain, it is
under stress. NBTI tends to create interface states at the Si — SiO, interface. Because of
this, there is a V;, shift (AV},) for the device such that it is more difficult to turn the device on.
Or in other words, an aged device has a performance degradation (such as I,,) compared
with a fresh one. Since a PMOSFET possesses a negative V;;, conventionally people say
the absolute value of Vi, (|Vi|) increases due to NBTI. NBTI is temperature-dependent and

voltage-dependent; an increase in T' or V1, makes NBTI more severe.
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3.1 NBTI mechanism and DC case NBTI Modelling

The physical mechanism behind NBTI is still controversial, which leads to different models.
A commonly adopted reaction-diffusion (RD) model [13] is the foundation of the model to be

constructed, although there also exists the hole trapping model [63].

The structure of a MOSFET is in such a way that there is an isolation SiO, layer
in between the Si substrate and the poly-Si gate. At the Si — SiO, interface, there exists
dangling bonds [64], which are also called interface states. They are actually Si atoms with
an unsatisfied valence. The performance of a device is affected by these bonds since they
are able to capture charges. When fabricated, hydrogen is incorporated into the device to
passivate the interface states by forming Si — H bonds. Under stress, these bonds will be
broken with the generation of interface states. As is mentioned, this leads to performance

degradation of both the device and the circuit.

[13] has attributed NBTI to the S; — H bounds breaking (Reaction) and the resultant
hydrogen species diffusing (Diffusion). These bonds locate at the Si — SiO, interface. Figure

3.1 taken from [65] explains the mechanism of NBTI:

B Stressed in the strong inversion, holes accumulate in the channel close to the S; — S;0,

interface;

B Holes are captured by the S; — H bonds with release of hydrogen species, which corre-

sponds to the reaction phase;

B Hydrogen species diffuse away from the S; — S; O, interface, leaving behind the S;—dangling

bonds; this corresponds to the diffusion phase.

The following two equations mathematically model this process:

dNir
dt

=kp(No — Ni7)— Kk NuNir (z=0) (Eq. 3.1)

~
forward reaction backward reaction
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Figure 3.1: Hole tunneling, capture & S; — H bond dissociation & Hydrogen diffusion

dNpr _ AN, 0 dNg

Physical parameters in Eq. 3.1, Eq. 3.2 are summarised below:

Nrr: interface trap density per area;

k;: forward dissociation rate constant;

Ny: initial Si-H bond density;

k.. annealing rate constant;

Ny hydrogen concentration;

0: reaction interface thickness;

Dy: hydrogen diffusion coefficient;

t: stressing time.
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| GateOxide
I

Figure 3.2: 1D hydrogen diffusion during NBTI

Eq. 3.1 says that NBTI is a bidirectional process. The first term on the RHS is controlled by
the stress, which vanishes once the stress is removed; while the second term on the RHS
continues even if there is no stress any more. As a result, NBTI presents a special "recovery”
phenomenon: with the stress continuing, Ny increases with time; when the stress is removed,
N7 is not a constant but decreases. This "recovery” is a unique property of NBTI (HCI, how-
ever, does not possesses this property)leads to the complexity of the AC case NBTI modelling

where the device is turned on and off from time to time, and this will be covered later.

Figure 3.2 states that the diffusion of the generated hydrogen species during NBTl is
one-dimensional (1D): once generated, the hydrogen species diffuse in the direction from the
Si — Si04 interface into the gate oxide, and then they arrive at the poly-Si gate. In fact, at the
gate oxide edge close to the source and drain region, the diffusion is 2D; but this part could
be ignored since the lengths of these regions are much smaller compared with the channel

length.

[66] also supports this 1D diffusion theory. Like what is stated in [13], the diffusing

hydrogen density decreases approximately linearly with the distance into the oxide, as is shown
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(0)
NH

Figure 3.3: linear relation between the diffusing hydrogen density and the distance
into the oxide

in Figure 3.3 [66]. The left part of Figure 3.3 is a regeneration of Figure 3.2, and the diffusing
species are confined in the shaded rectangular soild. The right part of Figure 3.3 shows
the relation between the hydrogen density and the distance into the gate oxide. N](f) is the
hydrogen density at the Si—SiO, interface and /Dyt is the diffusion front where the hydrogen
density is 0. At a random location z inside the oxide with 0 < = < v/Dgt, the hydrogen density

N}f) follows:
N
Dyt

N® = NO .2(0 < = < v/Dpt) (Eq. 3.3)

A one-step integration of Eq. 3.3 over distance gives the total amount of hydrogen; since hy-

drogen and the interface states follow a one-to-one relation, this results in the interface states

per area:
VDt T
Nir(t) = / NP (1~ —==)dx
10 Dpt (Eq. 3.4)
— -NO\/Dyt

Based on proper assumptions, the combination of Eq. 3.1, Eq. 3.2, and Eq. 3.3 gives the rela-
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tion between N;T'(t) and the stressing time ¢:

S
&l
-

NT(t) = (Eq. 3.5)
The diffusing species is another controversial matter. [67] shows that H* could be the resul-
tant, while [19] explained that H atoms are generated in the first place and they then combine
to H, and diffuse away. In this thesis, hydrogen atom is taken as the diffusing species such
that the time coefficient is % If Ho has to be incorporated anyway, the model could be easily

modified by shifting the time coefficient to %.

It should be noticed that the time coefficient n is not a fixed value especially for long
period stress, which is indicated in [13]: in the reaction phase, n could take the value of 1 and
then 0 with time increasing; however, this does not contribute to the final NBTI. For a “very
long” time, n could be % which corresponds to the phase when Hydrogen front reaches the
oxide/poly interface; but this is highly impossible for the AC case. n = % corresponds to the
diffusion phase that is the most readily observed. As a result, only n = i is chosen for NBTI

modelling (in case of Hydrogen atom diffusion).

Eq. 3.5 says that from the time point 0, a PMOSFET is under stress for a time period
of t. As has been mentioned in Eq. 3.1, the backward reaction leads to recovery after stress.

In [68], the final Ny is related to the stress time ¢ and the recovery time tq:

Nir(t)

£t
1+ ﬁ

N[T(t + to) = (Eq. 36)
In Eq. 3.6, £ has a value of 0.5 to represent the double-sided hydrogen diffusion. Meanwhile,
to make the thesis more readable, the stress time is denoted as t;,.ss While the recovery time
IS trecovery- 1he total time ¢4, starting from the beginning of ¢,..ss and terminating at the end
Of trecovery, 1S then:

ttoml = tstress + trecovery (Eq 37)
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In addition, two more parameters are defined. One is called stress factor (SF):

SF = lstreas (Eq. 3.8)
Ltotal
Another is the signal probability (S P):
§p = lrecovery _ 4 gp (Eq. 3.9)
tiotal

So far the NBTl is discussed for the DC case with a single stress and recovery phases. But the
definitions for SP and SF' are also suitable for the AC case: SF is actually the duty cycle and

S P is the complementary part. The threshold voltage shift (AV;y) is directly related to Ny:

N,
AV, = LT (Eq. 3.10)
CO%
With the rearrangement of Eq. 3.5-Eq. 3.10, Vi (tiota) i €xpressed as:
1 kiN 1
AVin(tiotal) = d 0 Dys - SF i oral (Eq. 3.11)

T 1+€-SP Cox\ 2k

In case the device is under stress all the way with SP = 0, SF' = 1, and tyo¢a1 = tstress, Eq. 3.11

could be simplified:
_a [kiNo
Cox || 2k:

-

A%h (tstress)

) (DHtstress)Z (Eq 312)

Figure 3.4 is plotted according to Eq. 3.11 and Eq. 3.12. The solid dot at the peak of the curve
corresponds to AV;, at the end of the stress phase (also the beginning of the recovery phase);
while the empty dot corresponds AV}, at the end of the recovery phase, and it represents
the net increase of V;;,. One thing to be mentioned is that physical parameters in Eq. 3.11 and
Eq. 3.12 are not adjusted for Figure 3.4 since they do not influence the shape of the curve. The
DC case NBTI modelling is relatively simple, since there is only one stress phase, followed by
a single recovery phase. However, scenarios like the DC case is highly impossible in a digital
circuit: with the input signal switched between "0” and ”1”, a PMOSFET undergoes the stress
and recovery phases alternately. Therefore, AV;;, obtained from Eq. 3.11 could not be simply

transferred to the gate level for timing analysis; larger errors would be introduced otherwise.
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Figure 3.4: DC mode NBTI with ¢,,.s; = 6e4s and t,ccovery = 4€4s

As a consequence, AC case (or more precisely, for a random signal pattern) NBTI modelling

needs more attention.

3.2 AC case NBTI Modelling

It seems that if the historical data (the signal pattern) is available for a PMOSFET, Eq. 3.11
could be adopted iteratively to precisely capture the NBTI influence. However, this is quite

impractical for two reasons:

B This thesis focuses on the long term impact of NBTI (for example, 10 years); and the high

frequency of the circuits means a signal could alternate multiple time even with in 1
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second. This requires a huge storage space for the historical data, even for a single

device.

B The long term time period and the high frequency also means a large iteration of Eq. 3.11,
which is computationally expensive (low time efficiency). In addition, Eq. 3.11 could not

be applied directly for the AC case due to the complex physics.

Therefore alternative methods are needed for AC case NBTI modelling. In spite of the com-

plexity, some experimental results help counteract the two points above:

B Instead of the historical data, NBTI depends the duty cycle (SF) of the signal applied to
the device gate; in case if the signal is aperiodic (a random alternating signal), SF' is

redefined as the portion of ¢, that V; is negative with respective to V, /V;.

B NBTI is frequency-independent. Given some t;.;4;, Signals with different frequencies result

in identical AV, [69].

Figure 3.5 show two signals: the upper one is periodic with frequency f = 1Hz and SF =
0.6; while the lower one is a random alternating signal (aperiodic) with tsress/tiotar = 0.6.
These two signals results in the same AV}, in the long term. This property suggests that it is
possible to convert an aperiodic signal into periodic, which may bring about the convenience

of calculation. From now on, the focus is shifted to periodic signals only.

Experimental results in [69] show that with the signal frequency f > 1Hz, NBTl is
frequency independent.[68] gives a mathematical proof of this independency. The significance
of this property is that a high frequency signal could be treated as a low frequency one with the
same duty cycle such that the requirement of calculation is reduced by orders. For example, for
a time period of 1,000s, a 100H z signals mean the “stress-recovery” cycle repeats for 100, 000

times while that for a 1H z signal is only 1000.

[68] and [60] proposed an iterative method for AC case NBTI modelling, called Signal
Probability and Activity Factor (SPAF) method. It takes a periodic signal with f = 1Hz as the
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Figure 3.5: Periodic and Aperiodic signals with the same SF

input and gives the analytical expression for N;p at any time point. ¢ = 0 is marked as the
beginning of the stress and it continues for SF(seconds) within 1s(1 stress-recovery cycle).
Therefore, for an integer ¢, t + SF' is the end of a stress phase, followed by the recovery phase
which ends at ¢ + 1. For the simplicity, AV}, derived from the SPAF method is only provided at
time points ¢ + k where t is an integer and k € {SF, 1}.

First, according to Eq. 3.12, a base value is calculated for ¢.,..ss = 1s. With a con-
stant stress condition (voltage, temperature), the bold part of Eq. 3.12 is a constant, which is
represented as C. Then:

AVip(tstress = 18) =C - 11 = C (Eq. 3.13)
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Figure 3.6: NBTI with t;,;,; = 50s Figure 3.7: NBTI with ¢;,;,; = 50000s

Then fort € Z and k € {SF, 1}, a ratio named s(t + k) is defined as follows:

A‘/th(ttotozl =t+ k) _ AV;fh(ttotobl =1+ k)

s(t+ k) = AV (b = 15) C (Eq. 3.14)

Based on the results from [60]:
(SF + s(t)*)i(k = SF) (Eq. 3.15a)
s(t+k)= ¢ s(t+ Sfi%\/m(k _ 1) (Eq. 3.15b)

As is shown in Figure 3.6, the 4 zigzag-shaped curves are obtained based on Eq. 3.15a and
Eq. 3.15b with ¢,,:,; = 50s; from the bottom up, they correspond to SF' with value of 0.2, 0.4,
0.6, and 0.8 respectively. The black-colour curve has SF' = 1. Eq. 3.15a and Eq. 3.15b will
merge into Eq. 3.12 with SF = 1. That’s why the black curve fully overlaps with the black dots
obtained according to Eq. 3.12. Figure 3.7 shows the simulation results with ¢;,;,; = 50000s.
The SPs are the same as Figure 3.6. It is noticed that these curves are "smooth” compared
with Figure 3.6. This is just a scaling problem. In fact, data corresponding to the first 50s on 3.7
are exactly the same as those on Figure 3.6. Again, physical parameters are not calibrated:
for one thing, they do not impact the shapes of the curves; for another, so far only the algorithm

is discussed but not the physics. The calibration will be covered at the end of this chapter.
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Figure 3.8: DC-NBTI VS AC-NBTI for ¢;,:s = lebs and SF = 0.5

3.3 Comparison of DC-NBTI and AC-NBTI

The reliability modelling, be it at the device level or the gate level, requires both accuracy and

time efficiency. Accuracy means the modelling result should not deviate much from the real”

case; while

possible. This section carries out a comparison between the DC and AC case models.

Fi

SF = 0.5. As has been discussed, the AC mode NBTI modelling is closer to the "real scenario”

where a de
Vth(AC)” is

DC curve does not take the recovery effect into account, it leads to overestimation compared

time efficiency demands that the simulation result could be obtained as fast as

gure 3.8 plots the curves for both the DC and AC cases with #;,;,; = le5s and

vice is turned on and off from time to time. Therefore, the dot marked with "Delta

the "real” AV}, for this time period; the dot marked by "Delta Vth(stress)” on the
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Figure 3.10: Simulation time required VS NBTI stress duration with SF' = 0.1

with the “real” one; the dot marked by "Delta Vth(recovery)”, on the other hand, results in
underestimation. This is the reason that the DC NBTI model could not be directly applied to
circuit simulation. The SPAF method for the AC NBTI modelling, in spite of the accuracy,

suffers from the time efficiency problem.

Simulations based on the SPAF method are done with MatLab codes running on a
quad-core 2.2GHz Macbook Pro. The stress factor SF's are chosen from {0.1, 0.3, 0.4, 0.7,
0.9}, and t;,4;s are from {5e4, 1e5, 5e5, 1e6, 5e6, 1e7} (unit: second). For every t;uq, the
simulation repeats 10 times. The simulation time (¢,;,,) required for each SF is plotted against

its respective t;1q;.  As is shown in Figure 3.9-Figure 3.14:

B Once all conditions are set, t;,, is very stable since the 10 simulation results are almost the

same for every (SF, tioq;) COMbination;
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Figure 3.12: Simulation time required VS NBTI stress duration with SF' = 0.5

W ¢, is approximately a linear function of t;¢q;-

This is not surprising since the code just executes Eq. 3.15a and Eq. 3.15b iteratively. Also tg;,,

is independent of SF, as is shown in Figure 3.15.

Since the SPAF method possesses an O(n) time complexity, it suffers from the time
efficiency problem as aforementioned. For instance, to obtain the pull-up delay of a NOR
gate in which two PMOSFETs are connected in series, AVy,s for both PMOSFETs are to
be determined(AV;;,s may differ for the two, and the reason will be covered in Chapter 5).
Based on our simulation results, it takes 10mins (if the codes are in parallel, otherwise t;,, is
doubled). This is why in [68], the author built an LUT to store AV,, according to the stressing

conditions. Even so, it is not as straightforward as the DC model, where AV}, is obtained on
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Figure 3.14: Simulation time required VS NBTI stress duration with SF' = 0.9

"one click”.

3.4 Compact Modeling for AC NBTI

In the previous two sections, the NBTI models for both DC and AC cases are reviewed with
their advantages and disadvantages discussed: the DC model generate AVy, fast, but the
accuracy could not be ensured; the AC model, on the other hand, provides precise data at
the sacrifice of time efficiency. To meet the requirement of the gate level NBTI modelling, the

model at the device level should satisfy:
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Figure 3.15: ¢, VS ;. for multiple SF's

B Equations should be simple and compact, for time efficiency;

B When calibrated with the SPAF method, the simulated results should at least show equiv-

alent accuracy.

In this section, we propose the compact modelling method that satisfies both. The inspiration
of the new model comes from the comparison of the simulation results of the DC and AC

models from the previous two sections.

For some t;,;,; and SF, the threshold voltage shift, denoted as AV;y, pc(tiotar), could
be easily obtained according to Eq. 3.11; under the same circumstance, AVy, ac (tiotar) iS 0Ob-
tained based on Eq. 3.13-Eq. 3.15b. The two of them form a pair (AVi, pe(teotar)s AVin,ac(tiotal))-

This pair of AV;s is then projected on the = — y plane, where the z-axis is for the DC data and
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Figure 3.16: AVi, ac VS AV, pe

the y-axis for the AC data. For a fixed SF, 8 t;,:,;S are selected to generate 8 data pairs, and
they are on some “curve” on the plane. 4 SF's are chosen so that 4 curves are obtained, with

SF € {0.2,0.4,0.6,0.8}.

Based on the observation of Figure 3.16 and data analysis, it is found that for a
every SF, the (AVin, pc(tiotal), AVin,ac(tiotar)) pairs lie on straight lie crossing the original
point; since these straight lines are not parallel and SF' is the only varying parameter, the
slope of the lines should be SF-related. More data for other SF's show that this property
always holds, which means the observation in Figure 3.16 is not a coincidence, but it should
be general enough. This generality has to be proven. To better carry out the demonstration,

the time coefficient § in Eq. 3.11 and Eq. 3.15a is replaced with n.

The rightmost line in 3.16 is taken as an example. lts DC data are obtained from
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Eq. 3.11, in which the bold part is a constant. Together with SF' = 0.8, they are represented by

a single parameter C’.Therefore AV}, pc could be simplified:
AVin,pc(ttotal) = C - topal (Eq. 3.16)

The slope for a straight line is a constant that could be determined by randomly selecting two

points on it. By choosing tWo t;,taS (tiotar,1 @Nd tioar 2), the slope is calculated as:

slope — AVin ac(trotat2) — AVin,ac (trotal,1)
AVinpo(tiotar,2) — AVin,po (total,1)
_ AV Ac(ttomz 2) — AV}h AC (trotal,1) (Eq. 3.17)
( total, 2) ( total 1)
B AVth,AC(ttotal 2) — AVth,Ac(ttotau)
C" (a2 — totar,1)

The value of the slope is independent of the choices of t;4,;,1 and t;41,2. Therefore, a good

guess is that AV}, ac takes the form of Eq. 3.18, in which X is a SF-related parameter:

AVth,AC(ttotal) =X tgboml (Eq 318)

The expression in Eq. 3.18 might be the only possible solution for AV, ac since it could suc-
cessfully explain the fact that the (AVi, pc(tiotar), AVin,ac(tiorar)) pairs fall on a straight line.

Eq. 3.18 convert Eq. 3.17 into:

AVin ac(tiotar,2) — AVin, ac(tiotal,1)

slope =
cr- ( total,2 ttotal,l) (Eq 3 19)
_ X(t?otal 2 ttotal,l) _ £
¢’ (ttotal,Q ttotal,l) ¢’

For one thing, the final expression g is irrelevant to t;.:4;; for another, as X is SF-related, the

straight lines in Figure 3.16 are not parallel. In the following part, the expression of X is given.

According to Eq. 3.13, Eq. 3.14, and Eq. 3.15a, for a sufficiently large integer ¢ (¢t >
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1), s(t) > SF. Then s(t)% > SF since n = 1. Eq. 3.15a could be expanded:

s(t+k) = (s(t)s + SF)"
= (s(t)7)" +n-(s(t))"" ! - SF (Eq. 3.20)

=s(t)+n- s(t)lfi -SF
By substituting Eq. 3.20 into Eq. 3.15b:

) +n-s@t) " SF+st) &SP

S
sli+1) = 1+V¢-SP (Eq. 3.21)
TL‘SF l_l . .
DR TR o A U

The relation between s(¢ + 1) and s(¢) could be described with Taylor Expansion. With ¢ > 1,

by reasonably truncating the high order terms:

s(t+1) = s(t) + Sll(!t) 1 (Eq. 3.22)

In Eq. 3.22, §/(t) is the derivative of s(¢) with respective to t. Eq. 3.21 and Eq. 3.22 are the
same since they both describes s(t + 1). By equating their right hand sides (RHS):

n-SF _
14++&-SF

s'(t) = s(t)l = (Eq. 3.23)

Eq. 3.23 is an ordinary differential equation. It could be solved with the following solution:

s(t) = ( ). SE™ - (t 4 Co)" (Eq. 3.24)

1
1+&-SP

Cy is a random constant in Eq. 3.24 if there is no boundary conditions. To satisfy the condition

that s(t) = 0att =0, Cp is set as 0. Then the expression for s(t) becomes:

s(t) = ( ). SET . gn (Eq. 3.25)

1
1+v§-SP
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Figure 3.17: AV, ac generated from the SPAF method and the new compact model

The combination of Eq. 3.11, Eq. 3.13, Eq. 3.14, and Eq. 3.25 results in:

1 q [krNo
AV, tiotal) = (———c=)" - —~—.D%.-SF" -t} Eq. 3.26
th,AC( tot l) (1 + W) Coz: 2kr H total ( q )

Eq. 3.26 is a reconstruction of the SPAF method. It takes the similar form as the DC model
in Eq. 3.11, therefore AV}, could be obtained on “one click” instead of the iterative method.
tsim could therefore be significantly reduced to achieve the time efficiency. In addition, mathe-
matically it generates data that are the same as that from the SPAF method, so the accuracy
could be guaranteed. As is shown in Figure 3.17, for multiple SF's, the dots, obtained from the
compact model Eq. 3.26, all fall on the curves plotted according to the SPAF method. The

former only takes 10 "clicks”, while it takes 10mins to generate the latter.
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Table 3.1: A comparison of the slopes obtained from DC & AC simulation and calcula-
tion

SP | Simulated Results | Calculated Result (Eq. 3.28)
1 1 1

0.9 1.1635 1.1634

0.7 1.2784 1.2783

0.5 1.3555 1.3554

0.3 1.4172 1.4170

0.1 1.4697 1.4696

Apart from AV}, the "guessed” parameter X is also derived from Eq. 3.26:

1 )TL q kaO
1+ V&SP Co\ 2k,

X =( . DY, - SF" (Eq. 3.27)

It could be seen from Eq. 3.27, with all other stressing conditions set, X is only related to
SF (since SP = 1 — SF). Meanwhile, the slopes of the straight lines could be analytically

expressed as:
X 1

o=GrEer
Then the DC model and the SPAF method are adopted again with SF' € {1, 0.9, 0.7, 0.5,

slope = )t (Eq. 3.28)

0.3, 0.1}, and 6 slopes are obtained from simulation. Next, the SP values are substituted
into Eq. 3.28 to generate 6 calculated results. As is shown in Table 3.1, the results from the
simulation and those from the calculation are highly consistent with each other, which proves

the correctness of the new model equations.

[13] provides the values of the parameters related to NBTI, which are listed below:

O ky: 1072

O k. :10718;

O No:1.24-10'%;

O Cyy : 2.6562 - 1075(since to, = 1.3nm);
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O Dy : 1.13 - 107'6([13] does not explicitly give the value of Dy, this value is obtained by

backward retrieval based on Figure 4 of [13]).

Then a graph showing the relation between AV;, and SF' is given:

Taylor Expansion is adopted several times during the derivation of the new model
equations. High order terms are truncated since they are less significant: this is only reason-
able when the time ¢ is sufficiently large such that s(¢) > SF. As a result, for a small ¢;.t41,

Eq. 3.26 may bring in error.

In Figure 3.19 and Figure 3.20, a comparison is carried out for the SPAF method
and the new model. It could be seen in Figure 3.19 that for ¢;,;o; < 100s there is a slight dif-
ference of the simulation results for the two models; but the curves quickly merge and overlap

with large t.:q1, @s is shown in Figure 3.20.

But this difference is not a big issue. For one thing, when focused on the long term,
the error vanishes, which is shown in Figure 3.20 and Figure 3.17; for another, in case t;ysq; is
small, the SPAF method could still be applied since the iteration times is not that large and

tsim required is small, and the time efficiency could still be guaranteed.

In case of Hs diffusion, Eq. 3.11 is modified:

kiNo
Ky

1
AVin(teotar) = 15 VE 5P Ciox(

)% - Dy - SFs -¢ (Eq. 3.29)
In addition, in Eq. 3.15a, "4” is changed to "6” while ; is modified to . And according to
Eq. 3.26, the new compact equation for AC-case NBTI modelling is:

1

1 1 q 2 1 1L
)6 - ( " )3 -Dp - SFs -t} (Eq. 3.30)

1+€- 5P

AV;Eh,AC(ttotal) = (

As is shown in Figure 3.21, even with the modification of the time coefficient, the new compact
model equation gives consistent results as the SPAF method. In Figure 3.21, the curves are
generated from the SPAF method while the dots are from the compact model equation. From

low to high, the four curves correspond to SF' values of 0.2, 0.4, 0.6, and 0.8 respectively.
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Figure 3.18: AV}, vs SF
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Figure 3.21: Awy, ac generated from the SPAF method and the new compact model

with n = %
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Table 3.2: Relation between simulation time (t.;,,) and (t;.:a1, SE) combination for the
iterative method

SF=01|SF=02|5SF=03|S5SF=04
tiotar = 1€6(5) 4.35 4.36 4.38 4.38
tiotar = 2€6(5) 8.73 8.75 8.75 8.91
totar = 3€6(s) 14.18 13.30 13.59 13.80
tiotar = 4€6(s) 17.73 17.69 18.07 18.48
tiotar = Deb(s) | 23.38 21.87 21.94 21.89
tiotar = 6€6(s) | 26.12 26.15 26.16 26.20

Table 3.3: Relation between simulation time (t.;,,) and (t;.:a1, SE') combination for the
compact method

SF=01|SF=02|5F=03|SF=04
tiotar = 1e6(s) | 7.25e-3 | 6.49e-3 | 7.39e-3 | 7.50e-3
tiotar = 2€6(s) | 7.13e-3 | 6.56e-3 | 6.63e-3 | 7.29e-3
tiotar = 3€6(s) | 7.25e-3 | 6.99e-3 | 7.24e-3 | 7.27e-3
tiotar = 4€6(s) | 7.39e-3 | 6.91e-3 | 7.19e-3 | 7.28e-3
tiotar = Heb6(s) | 6.49e-3 | 7.02e-3 | 7.55e-3 | 6.91e-3
tiotar = 6€6(s) | 7.27€-3 | 7.06e-3 | 6.74e-3 | 7.35e-3

Both the SPAF method and the compact model have been implemented with Matlab

code. Figure 3.22 is the simple code for both methods:

The proposed compact model is simpler and faster compared with the SP AF method:
it obtains the result directly instead of iteratively. Both methods have been programmed in Mat-
lab. We have run both programs on a quad-core Macbook pro, and the simulation times (¢;,,)
for multiple #;,:q; and SF combinations are tracked and stored in Table 3.2. Every table entry
stores the t;, for the respective (t;.1q1, SF) combination. While those for the compact method

are stored in Table 3.3.

Table 3.2 shows that for a certain t;,:41, tsim iS almost irrelevant to SF'; on the other
hand, t,;, is approximately linearly related to t;,:,;. This is not surprising: since the number of

calculations (ns,,) required to accomplish the simulation has a simple relation with only ¢;,4;:
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8/3/18 6:43 PM  /Users/xuliu/.../iterative_compact_thesis.m 1 of1l

function NBTI_iteration(time,stress_factor,kesi,time_coefficient)

t_stress(1l)=stress_factor;
t_recovery(1)=1;
Sm(1)=power(t_stress(1),time_coefficient);
S1(1)=Sm(1)./(1+sqrt(kesi.*x(1-stress_factor)));
for j=2:time
t_stress(j)=stress_factor+j-1;
t_recovery(j)=j;
Sm(j)=power(stress_factor+power(S1(j-1),1./time_coefficient),time_coefficient);
S1(j)=(Sm(j)+S1(j-1).*sqrt((1-stress_factor)./2./1))./(1+sqrt((1-stress_factor)./2.¥
/1));
end
for k=1:time
timing(2.%k-1)=t_stress(k);
timing(2.x*k)=t_recovery(k);
S(2.xk-1)=Sm(K);
S(2.%k)=S1(k)
end
plot(timing, S, 'r")
end
function COMPACT(time,stress_factor,kesi,time_coefficient)
for i=1: time
t_recovery_compact(i)=i;
compact_value(i)=power(1l./(1+sqrt(kesi.*(1-stress_factor))),time_coefficient)...
.xpower(stress_factor,time_coefficient).*t_recovery_compact(i).~time_coefficient;
end
plot(t_recovery_compact,compact_value,'b")
hold on
save('t_recovery_compact"')
save('compact_value')
end
%time: unit is second;
%stress_factor: O<=stress_factor<=1;
%kesi: kesi has a value of 0.5 for double-sided diffusion during recovery;
%time_coefficient: possessing a value of 0.25 for Hydrogen atom diffusion;
%t_stress(1): time point of the end of the first stress cycle;
%t_recovery(1l): time point of the end of the first recovery cycle;
%t_stress(j): time point of the end of the j-th stress cycle;
%t_recovery(j): time point of the end of the j-th recovery cycle;
%Sm(1): Vth shift at the end of the first stress cycle;
%51(1): Vth shift at the end of the first recovery cycle;
%Sm(j): Vth shift at the end of the j-th stress cycle;
%S51(j): Vth shift at the end of the j-th recovery cycle;
%timing(): an array of time consisting of t_stress(j) and t_recovery(j);
%S(): an array of Vth shift values consisting of Sm(j) followed by S1(j);
%t_recovery_compact(): the array of time points for the compact model;
scompact_value(): the array of Vth shifts for the compact model.

Figure 3.22: NBTI code for both the iterative model and the compact model
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Ngim = 2 tiotal -

Table 3.3 shows that ¢, for the compact method is neither related to SF' nor tytai,
and tg;,, is around 7e-3s. This is reasonable since the number of calculations required for the
compact method is always 1. The efficiency improvement could be observed by simply reading
both tables.

While the proposed compact model achieves the simplicity and time efficiency, it is
meaningful to carry out a further comparison between the SPAF method and the compact

model:

The SPAF method is a continuous “real time” model: given an integer ¢ and the
stress factor SF, it not only gives s(t) and s(t + SF'), but also any s(t + At) with At € (0,1).

[60] provides the following equation:

(At + s(t))", 0<At<SF
S(t + At)iterative = 5(t+SF)+s(t)~\/§~At? (Eq 331)
, SF<At<1
H_\/g,mgtsp

Based on Equation Eq. 3.34, a graph is plotted for the first 10 stress-recovery cycles
with SF' = 0.4: our compact method is a discrete method, which is only able to capture AV},
for the integer ¢t. From this sense, the iterative method contains more abundant information.
Meanwhile, our compact model evolves from the SPAF method, where Eq. 3.34 is manipu-
lated with mathematical tools (including Taylor Expansion). Only the significant terms are kept
while those insignificant are dropped: errors are thus introduced especially for small ¢, where

the contributions of those insignificant terms could not be ignored.

As is shown in Figure 3.24 where t;,,; is only 10s, results from the compact method
deviate from those of the iterative method with a significant overestimation; nevertheless, with
tiotar INCreasing, results from the two methods gradually approach each other and merge, as
is shown in Figure 3.25. Quantitively, the ratio of slt)iterative (s(t)iterative 1S the result from the

S(t)compact

iterative method and s(t)compact 1S that from the compact method) is calculated and plotted for
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Figure 3.23: AV}, vs time for the SPAF method
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Figure 3.24: Iterative VS compact NBTI  Figure 3.25: lterative VS compact NBTI
models for t;,.,; = 10s models for t;,;,; = 100s

multiple SF's:

Figure 3.26 shows that for t;,1010 < 80s, the compact method overestimates the
result. Beyond t;,.4,0, results from the two methods differ little. For t;o101 = tiota1,0, Simulation
time required to obtain s(t)iterative 1S 5€-3s (based on our simulation), which is even less than

those of the compact method shown in Table 3.3.

Therefore, the iterative method and the compact method could be reasonably com-

bined to improve both the accuracy and the time efficiency. The pseudo code is as follows:

if (ttotal < ttotal,())

S (t) =S (t)iterative
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else

S (t) =S (t>compact

As we mentioned earlier, our compact model is not continuous, and it is not capable
of generating the result for a non-integer t;,:o;- But with the aid of the iterative method, this

could be realised:

For an integer ¢, the compact method quickly generates s(t)compact (Which is also the
disadvantage of the iterative method-long simulation time required to obtain s(t);terative), the

substitution of s(t)compact iNt0 the first part of Eq. 3.34 gives s(t + At) for At € (0, SF:

1

s(t+At) = (At +s(t)r )" (Eq. 3.32)

compact

Eq. 3.32 will also give s(t + SF):

1

s(t+SF) = (SF +s(t)2 )" (Eq. 3.33)

compact

Then for At € (SF, 1), according to the second part of Eq. 3.34:

S(t + SF) + S(t)compact : f ’ At;fF
14 /¢ ALSE

The pseudo code for this process (for a random time point ¢,.4,40m) IS as follows:

s(t+ At) = (Eq. 3.34)

tint =(|nt) trandoms

tdeita = trandom — lint;

if (tdelta == 0)
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S (trandom) =S (tint ) compacts

else if(tgep1q < SF)

1

S(trandom) = (tdelta + S(tint)cnompact)n

else
-S
( znt+SF)+5 1nt)60mpa‘3t 5 %
S(trandom) = t
1+ é— Ydelta™P""
tdelta

In such a way, the iterative method and the compact method complement each other:

e For a short ¢, the iterative method is adopted to avoid the overestimation in the compact

method, and the simulation time required is small;

e For a long t(t is an integer), the compact method is adopted to avoid the long simulation

time, with the accuracy of the simulation result secured;

e For a long t,qndom, the compact method is first adopted to obtain s(t;,:) (and therefore
bypass the huge number of iterative cycles); then the iterative method is adopted for at
most one stress-recovery cycle to obtain s(t,qnd0m ). Both the time efficiency and the

accuracy could be secured.

We ran the simulation with t,.,40,» = 1000000.7s, first with the iterative method, which takes
3.72s; and then the combination of the iterative and compact methods is adopted, which takes
0.32s. Figure 3.27 shows that the result from the iterative method and that from the combina-

tion are the same. But the time efficiency is greatly improved.
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Figure 3.27: s(t,andom) With the combination of the iterative and the compact methods
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3.5 The "AgeGate” model and SF' determination

The "AgeGate” is a gate level reliability model proposed by Dr. Dominik Lorenz in [29] [70].
It is a canonical gate model that describes the relation between gate delay degradation(AD
and D,,4.q) and the parameter shift (Ap) of every single transistor. This model relies much on
accurate description of Ap, which is also our ultimate target. The model could be described by

the following simple equation:

oD
8pm,P

Daged = Dfresh +AD = Df7'esh + Z Z - Apm (Eq 335)

meG peP

In Eq. 3.35:

B m: atransistor of the gate;
B G: the set of all transistors of the gate;

B P: parameters of interest that are influenced by aging (V;;, for NBTI and 1, for HCI);

| ang: sensitivity of D with respect to a certain parameter drift (for example, V;;,) from

transistor m.

The AgeGate model takes both NBTI and HCI into consideration. To make the thesis more
readable, this Chapter only covers NBTI in the AgeGate, while that of HCI is added in in next
chapter. The Eq. 3.35 is simplified to:

oD
a‘/;th,m

Daged(NBTI) = Dyresh + AD = Drean + - AVihm (Eq. 3.36)
eq

Since the AgeGate model takes the parameter shift of every single transistor into account, the

pessimism caused by using only a "worst case” parameter shift could be avoided. However,

this model uses Eq. 3.5 and Eq. 3.10 to obtain AVy,, and the recovery effect is ignored. This

is regarded as a trade-off for time efficiency. The stress time in Eq. 3.5 is calculated as (1 —

SP) - tita- The a ratio of AV, , (Vi shift without consideration of the recovery effect) over
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Figure 3.28: Linear relation between Figure 3.29: Delay degradation overesti-
inverter rising delay degradation and mation for SP ~ (0.1 — 0.9) without the
threshold voltage shift recovery effect

AVip, (Vi shift with the recovery effect considered) is:

ﬁ — (14 /€ SP)i (Eq. 3.37)
th,w

The negligence of the recovery effect leads to overestimation of AV;;,. Since Eq. 3.36 is a linear
equation with respective to AV}, this leads to overestimation of delay degradation. Eq. 3.37
also indicates that the larger SP is, the larger will the overestimation will be. Figure 3.28
shows the linear relation between AD and AV}, and the sensitivity could be obtained. In
Figure 3.29, the leftmost dot corresponds to the delay degradation due to AV;, = 30mV (the
recovery effect considered); when the recovery effect is ignored, AV;, will be overestimated
according to Eq. 3.37. Figure 3.29 clearly shows that AD is overestimated. With SP = 0.9,
the overestimation could be 13.7%. The overestimation will accumulate over the stages of the
gates, which may result in the wrong determination of the critical path; even if the critical path
is the correct one, the overestimation of AD requires more design margin, resulting in lower
operating frequency. The new modelling methodology proposed in the previous section helps

alleviate this problem, without time-efficiency issue.

The correct determination of SP is of significant importance for AVy, calculation.

Early methods for S P determination still relies on the signal pattern and logic simulation, as is
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proposed in [71]. It gives accurate SP at the sacrifice of simulation time. [72] uses a recursive
method to calculate the gate out SP based on SPs at the inputs. This method requires a
binary decision digram (BDD) [73], which describes the dependency of the gate output on
inputs. However, it is impractical to build BDD for complex circuits, although a compromise is
introduced in [74].

In a circuit, a PMOSFET suffers from NBTI on condition that:

B Its gate terminal is connected to a logic "low”;

B Its source/drain terminal is connected to a logic "high”.

The device is biased to strong inversion only both conditions are fulfilled. For the first condi-
tion, the probability that the gate terminal is biased to low is defined as P,,. As the second
condition states, the path from V,, to the source/drain of the PMOSFET must be conducting
[61]. Therefore, there must exist at least on path such that from V,,; to the source/drain of the
PMOSFET of interest (marked as P;), all PMOSFETSs in between are with their gate terminals

connected to logic "low”.

For independent signals, SF of P; (marked as SF;) could be calculated as the prod-

uct of all SF's of every PMOSFET on the conducting path (marked as PAT H;):

SF; = 11 Pon i (Eq. 3.38)
PMOSFETEPATH,
k is the mark of the device on the conducting path. In case there are multiple paths from V,

to P;, at least one conducting path is required and the SF is finally calculated as:

SF=1- (][ - SF)) (Eq. 3.39)

7

Figure 3.30 is a 2-input NOR gate. Since the source of P; is directly connected to V4,
SFy = P,,1 = 0.6; If P, is to be stressed, both gate terminals of P, and P should be connected

to "low”. In case the two signals are independent, according to Eq. 3.38, SF;, = 0.6-0.4 = 0.24.
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Figure 3.30: NOR gate Figure 3.31: Circuit with three inputs

In case the two signals are inter-dependent, a worst-case analysis is adopted. Again P; is not
affected, but the algorithm for SP» is changed: it is determined by the "maximum” probability
that both PMOSFETSs are on at the same time, which is the "minimum” P,,, on the conducting
path (0.4 in this case). In general, for a single conducting path, SF for the PMOSFET that is
farthest from V, is:

SF; = min(Pyy, 1) (Eq. 3.40)

Figure 3.31 is a 3-input circuit that realises the function of (S; + S) - S3. There could be
two conducting paths to P»: from P; to the source of P, or from P; to the drain of P,. For
independent signals, SF> is obtained according to Eq. 3.39, with SF, =1 — (1 —0.7-0.9)(1 —
0.8 -0.9) = 0.8964. But if these signal are inter-dependent, the worst case is that the common
time that all paths are conducting is the least(which means the time duration that P; is on is as
long as possible, but SF; < 1). For the case in Figure 3.31, SFp,_4,—p, = min(0.7,0.9) = 0.7;
SFp,_to—p, = min(0.8,0.9) = 0.8. As 0.7+ 0.8 = 1.5 > 1, SF;, is taken as 1, which means

P, is under stress all the time. In general, the worst case SF for a PMOFSET on multiple
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conducting paths is calculated as:
SF =min()_ SF;,1) (Eq. 3.41)

In Eq. 3.41, SF; is derived based on Eq. 3.40.

3.6 ¢, based NBTI modelling

The previous section introduces a new methodology for AC NBTI modelling which significantly
reduces the simulation time. It is a mathematical method. However, so far the physics behind
has not yet been involved in the model. In this section, the ¢, based method is proposed
such that the model is related to input parameters such as V,, V;/V; and the environmental

parameter 7.

Chapter 2 introduces the way to solve for ¢, of an NMOSFET. Similarly, ¢5 of a
PMOSFET could be obtained.

( v Vg—‘/;—VFB

o=V, = Vi — Vg — 20imL ~ 4 - - . 3.4

¢ 9 FB — 2umli; T exp( o )} (Eq. 3.42a)
Y2 Y12
oy Z_(Vg_‘/s_VFB)_i] (Eq. 3.42b)
vy Vg = Vs = Vip + 205

o5 = —V,— Qtm . — Eq. 3.42

o Vg — Vs — Vip + 2u 5{2\/% exp( S0 )} (Eq. 3.42¢)

Parameters in Eq. 3.42a and their physical meanings have been explained in Chapter 2. NBTI
occurs when a PMOSFET is at the "on” state when its gate is connected to a logic "0” while
both the source and the drain are connected to V4. The device is biased in the strong inversion

region. Therefore only Eq. 3.42c is adopted in this section.

According to [13], apart from time, NBTl is also a function of the channel hole density,

the oxide field strength, and 7. Those parameters influence the forward dissociation rate
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constant ky most:

Eal

E
kf = f(Eoma NholeyT) = C(1 : Nhole : el‘p(ﬁ) : €$p(— kT

Ey

) (Eq. 3.43)

Parameters in the equation above are:

B (C;: constant to be calibrated;

B Np,.: inversion hole density;

B F,.: oxide electric field strength;

B FE,: field dependent activation energy;

B F,;: Arrhenius activation energy.

Based on the the ¢ based model, the inversion hole density is related to ¢, as:

Nhote = ’Y\/’Utm . exp(_%) . [el'p(— bs

Utm Vtm

)= 1] —¢s— YV — s (Eq. 3.44)

N——
depletion charge density

total charge density (depletion charge + inversion hole)

Besides, the potential balance equation and the voltage-electric field relation determines E,,:

Vo = Vo — dms — ¢s

tOQ?

Eow = | \ (Eq. 3.45)

oms 1S the work function difference between the poly-gate and the bulk. To better illuminate the

derivation of k¢, we summarise the 7-step procedure followed with a flowchart:

[0 Step (1): based on the PMOS parameters, the gate — bulk work function difference (¢ass),
the gate capacitance (C,.), and the Fermi potential (¢x) could be determined, according

to equations in Chapter 2;
[0 Step (2): the flatband voltage Vi is then determined based on ¢ass, Qor, and Coy;
[0 Step (3): the surface potential (¢;) is thus derived according to Equation 3.38c;
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PMOS parameters: Environmental parameter: T Input parameters:
mn; Nch'Ng' [{q.Vb,Vs,Vb
Qox’ tox' €ox» kB
1 | I (4) n
(s = a(ng, N, Ny, kg, TF——
(1) 2
Cox = b (€ox» tox) @ 3) (4)
1 —
Ol = douNop k1) | Ve =(0u.Go0) |
@) (3)
I¢s = d(‘(q' Vp, kg, Veg, $r ) |‘—
(6) | @) [V = o0 Vo G 9]
(6) | Nnote = 9(Pr. kg, T, bs) (5)

()

Eox = [ (Vox tox)

(7)
(7) ke = h(Nnote, Eox, kg, T)

Figure 3.32: Procedures for k; determination

O Step (4): the oxide voltage is determined according to potential balance;

[0 Step (5): the oxide field strength could be easily obtained from the oxide voltage and the

oxide thickness;
[0 Step (6): The hole density is obtained according to Equation 3.40;

[0 Step (7): k; is determined as the final step based on parameters previously obtained.

Figure 3.32 is the flowchart showing the 7 steps, in which the parameter to be determined
is written as functions of the parameters known(in the form of Y = X (nq,no,...), where Y is
the parameter to be determined; X is the name of the function and n, no... are the known

parameters).

The annealing rate constant &, and the hydrogen diffusion coefficient are described
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Figure 3.33: Comparison between NBTI data from [75] and that from our model

with the Arrhenius equations:

Ea2
= kg - eap(— =22 Eq. 3.4
Ky = kro - exp( kT) (Eq. 3.46)
FEa3
Dy = Dpyo - eﬂﬁp(ﬁ) (Eq. 3.47)

E.» and E,3 are activation energies for k. and Dy respectively. Based on Eq. 3.26 in which

n = %, there is a net activation energy for NBTI:

- 2Eq — 2FEq2 + Ea3

E, 1

(Eq. 3.48)

A set of NBTI data is available in [75]: the oxide thickness ¢, is 1.3nm with the bias
|Vy| = 2.7V, and the temperature is controlled at 375K . A comparison is carrier between these

data and the simulation results from this ¢s based model: The dots in Figure 3.33 are from
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Figure 3.34: Temperature influence on NBTI

[75] while the curve is based on our model. The two sets of data match each other well.

Meanwhile, [75] also investigates into the temperature influence on NBTI. Five data
points are collect for a total time of 1000 seconds, with T'(K') € {300, 325, 350, 375,400}. With
these limited number of data, FE, is approximately 0.09¢V such that data from our model have
a good match with these data, as is shown in Figure 3.34. It is seen from Figure 3.34, at
E, = 0.09¢V, the simulation results match the measurement data well at higher temperature;

at smaller T', a 3% difference is observed, which is acceptable.

This thesis has adopted the RD model for NBTI. In fact, there also exists the so-
called “trapping-detrapping” model for NBTI. The aim of this thesis is to provide the transistor
level NBTI model for the gate level, which has been created in [29]. In Chapter 3 of [29], the au-

thor mentioned that the simple DC model (Reaction-Diffusion based) was adopted, which has
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the tradeoff in accuracy (the author also mentioned this in [76] where even the recovery was
ignored). Naturally it is a breakthrough point to take the recovery into consideration; mean-
while, to be closer to “reality”, an AC model is in demand rather than DC. [29] mentioned the
disadvantage of the AC models (also Reaction-Diffusion based). Then we got the motivation
for this thesis: creating a compact AC model such that it absorbs both the advantages of the
DC model (compact, fast) and the AC model (accuracy), while avoiding their disadvantages.
This is the reason that this thesis adopts the Reaction-Diffusion model instead of using the

trapping-detrapping model.

In this thesis, we have focused on NBTI of PMOS, while PBTI is not discussed much.
Here we give a short discussion of the NBTI and PBTI trend based on the others’ research

work:

[77] carries out experiments on both NBTI and PBTI for T; N triple-gate FinFET: the
FinFET sidewall (110) has a higher N;; than that from the top surface (100). Therefore, the
narrower the FinFET, the more degradation the FinFET suffers from- the overall “contribution to
NBTI” from the sidewall is larger for a narrower FinFET. PBTI on the other hand, becomes less
severe for narrow FinFET (according to the experiment results), the reason is unclear so far, but
it may be related to the different mechanism of PBTI from NBTI- PBTI results from the filling of
pre-existing traps in the dielectric rather than the creation of interface states. The experiments

results show that NBTI is more serious than PBTI in FInFETs, which is also supported by [78].

[79] focuses on the influence of the gate dielectric material on NBTIl and PBTI. The
experiment results show that for High-k MOSFET, NBTI is almost irrelevant to the choice of
the gate dielectric (SiO,/NiSi and SiOy/H fO,/NiSi ) are the same as the conventional
SiON/poly — Si MOSFETs. PBTI, however, is sensitive to the dielectric: for the high-k layer,
PBTI increases significantly with increment of H f content; in consistent with [77], PBTlin TP /N

gated devices is much smaller.
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Chapter 4

Hot Carrier Injection Modelling

Near the drain end of a device, charge carriers (either electrons or holes) may gain enough
energy such that they could surpass the potential barrier at the S; — S;0, interface to be
injected into the gate oxide. As a result, device parameters such as V;;, and p will suffer.
This phenomenon is called Hot Carrier Injection. It occurs in both NMOSFET and PMOS-
FET. The word "hot” describes the fact that charge carriers get accelerated along the channel
from the source to the drain, and the high electric field near the drain region triggers impact
ionisation[23]. Though NBTI is the dominating reliability issue and HCI contributes less to de-
vice/circuit degradation[80], the latter could not be ignored since the parameter shifts caused
by HCI is inversely proportional to device channel length L[24]. L is decreasing with tech-

nology scaling[81]. Therefore, HCI modelling is still needed for device and circuit simulations.

4.1 HCI mechanism and the HCI models

According to the source of the injected charge carrier, two popular mechanisms have been

proposed to explain the mechanisms of HCI:
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Figure 4.1: DAHC degradation mechanism due to recombination of hot electrons and
hole in the gate oxide (for NMOSFET)[82]

B The Drain Avalanche Hot Carrier (DAHC)(NMOSFET taken as an example)[82, 83]: inside
the channel, impact ionisation creates both electrons and holes, which are heated by
the high electric field near the drain. They further produce hot electrons and hot holes.
The oxide electric field (E,,) directs from the gate into the channel (E,, > 0), leading to
hot electron injection; but inside the drain depletion layer, the direction of E,, reverses

(Eo: < 0), resulting in hot hole injection. The condition for maximum DAHC is:

o Vds

V:qs 2

(Eq. 4.1)

In Figure 4.1, e~ and h* represent channel electrons and hole respectively due to
impact ionisation near the drain region; he™ and hh™ are hot electrons and holes; and
I, is the substrate current dominated by the holes due to impact ionization near the

drain region.

B The Channel Hot Carrier(CHC)[84, 85]: instead of impact ionisation, hot carriers are those

originally inside the channel and accelerated by the lateral channel electric field. E,,
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makes it possible that some charge carriers are "lucky” enough to overcome the S;—S;0-
interface potential barrier and “invade” into the oxide. The condition for maximum CHC
is:

Vgs = Vs (Eq. 4.2)

Several HCI models focus on I,,, degradation, denoted as Al,,. Al,, is defined as:

Ion,fresh - Ion,aged

Al,, =
o Ion,fresh

(Eq. 4.3)

Ion, fresh @and I,, q4cq @re the values of the on current before and after the HCI stress. These
models relate Al,, to input parameters (V;), device geometric parameters (L), T, and t in a

simple way. For example, in [30]:

E,

Al o< L - ea:p(—gd) -exp(— k;l;l) -t (Eq. 4.4)
In Eq. 4.4
B «: gate length scaling factor;
B j3: acceleration factor of voltage;
B E, ucr: activation energy of HCI.
While in [29], an equation with a similar form is found:

Ea b —-m _4n
Alyy, = Aexp(——) - V5 - L™™ -t (Eq. 4.5)

kT

In Eq. 4.5, A is a proportional parameter, b, m, and n are the relevant parameter coefficients.
The difference between Eq. 4.4 and Eq. 4.5 to some extent exposes the empirical nature of
the 1,,-based modelling method. But the main disadvantage of this model is its complexity for
both circuit simulation and gate level modelling. When Al,, is used to model to influence of

HCI on circuit delay, a device has to be replaced with a subcircuit, as is shown in Figure 4.2:
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Figure 4.2: Equivalent subcircuit of a transistor due to HCI

The voltage source V., connected to V is to model the impact of HCI on V}, since
HCI results in interface states like NBTI, and the value of AVy, is Al,,-related. The current
source I4, is also a function of Al,,, and it is used to model the mobility degradation caused

by interface roughness; it is in the opposite direction from 1.

73



CHAPTER 4. HOT CARRIER INJECTION MODELLING

(Eq. 2.49) connects circuit delay degradation directly to device parameter shift. This
is convenient for NBTI; however, since I, is not a parameter of the transistor model card [86],
the sensmwty ~ could not be obtained from the adjoint network analysis [87], which has
been mtegrated to the SPICE simulator for sensitivity calculation. In stead, the sensitivity is

obtained in an indirect way:

0D _ 0D 0Avy  OD  Olig
0oy 0Avy, O0AL,,  0lgey OAILy,

(Eq. 4.6)

In Eq. 4.6, 8AV and 57— ~are determined with the replacement of transistors by the equivalent

circuit in Figure 4.2, wh|Ie gﬁ}ﬁh and ;id;g could be obtained from the equations with respect

to Al,,.

Channel hot carriers could be characterised by the substrate current I,,,;, degradation[27,
88]. The severity of HCI could be represented by the value of I,,. But with the technology
scaling, I, is not dominating anymore, other leakage current components, such as the junc-
tion current and the gate induced leakage current introduces in large error, since the model-

predicted value and the measurement data deviate from each other [88].

[89] provides an equation that models V};, degradation due to HCI, this model has a

similar form as Eq. 4.4:

1
AV}/}L = Cl . (E)b . 6.%'p(CQVdS) . el‘p(—Cg(Vds — Vgs)) -tn (Eq. 4.7)

The similarity between Eq. 4.4 and Eq. 4.7 implies that there exists a simple relation
between AV}, and Al,,. Figure 4.3 shows that AI,, is proportional toAV;,. It is favourable to
take V;;, as the modelling parameter for HCI since it is easier to manipulate, like what is done

for NBTI modelling.
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Figure 4.3: Al,, VS AVrp

4.2 RD HCI model

It has been claimed by many authors [88, 66, 90, 91] that the physical progress of HCl is similar
to that of NBTI: the Silicon dangling bonds lead to N at the S; — S;O5 interface. [92] says that
S; — O bonds also join the HCI progress apart from the S; — H bonds; meanwhile, the relation

between the speed of bond breaking and input voltages (V4, V;, and V}) is discussed.

The HCI model is also based on the RD model, the details of which has been dis-
cussed in Chapter 3. For NBTI, bond breaking occurs in the whole channel region as long as
the device is on. The diffusing species leaves the S; — S;0 interface and diffuse towards the
gate. As aforementioned, this is a 1D diffusion process. HCI, however, is more complex: it
happens mainly in the velocity saturation region (from the pinch-off point to the drain, for an
NMOSFET) with a smaller length of AL(length of the velocity saturation region); the diffus-

ing species also diffuse from the velocity saturation region towards the source. This is a 2D
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Figure 4.4: 2D diffusion of HCI process

process, which reasonably explains the time coefficient of HCI.

Figure 4.4 is a 2D structure of the HCI process. The diffusing species will diffuse
in the directions of x, y, and all the directions in between equally. All diffusing species are

confined in the shaded area (pink color).

The diffusion is assumes to start from the drain "point” with the density of diffusing
species N (0). The distance between the diffusion front (where the density is 0) and the drain
point is v/Dgt. Similar to NBTI, the density of the diffusing species is assumed to decrease

linearly. Therefore, at the distance r from the drain, the density of the diffusing species is:

Ny (0)
Dyt

NH = NH(O) - - r (Eq. 4.8)

Shown in Figure 4.5, for a infinitesimal distance dr, the total area in the shade is:

1
A= i 2mr - dr (Eq. 4.9)
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Figure 4.5: 1 column of diffusion space

The the total number of the diffusing species is:

Dyt
N2D:/ (N (0) — cr)e =27 - dr (Eq. 4.10)
0

Ny A

Taking the width T of the device into consideration, the diffusing species are actually locate

in a quarter of a column, as is shown in Figure 4.5. Then the total number of the diffusing
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species is:

NH(total) =W NQD

_ Vbt Ny (0) 1
—W-/0 (Ng(0) — DHft-r)-ZQm*-dr

_ TWNy(0) /VDHt 2

2 A Gty

W r2 r3 Nyt
= T2 Np(0) - (5 - z
_WW‘NH(O)‘DHt

12

)dr (Eq. 4.11)

Np(total) is the same as the total number of interface states created if the diffusing species
is H atom: Ny (total) = Nyr(total). Nrr(total) locates in the rectangle with area of L.y - W.

Then the density of interface states (per area) is:

W - Ny(0) - Dyt

Nir - Lepp W = T (Eq. 4.12)
And:
7N (0) - Dyt
Nir = Eq. 4.1
T 12Lss (Eq. 4.13)
[13] highlights the relation between N;p and the initial S; — H bond density Ny:
ky- No=ky Nip- Ny (0) (Eq. 4.14)

Physical meanings of the parameters in Eq. 4.14 has been introduced in Chapter 3. The com-

bination of Eq. 4.14 and Eq. 4.14 leads to the final expression of Nyp:

kif-ﬂ"No
Nir = | =222 (Dyt
T 12-1<;T-Leff( t)

Eq. 4.15 physically explains the HCI time coefficient % Then AV, is obtained via (Eq. 3.10).Since

N

(Eq. 4.15)

HCI and NBTI are subject to the same mechanism, theoretically there should be the "recovery”
effect for HCI. [93] proves that the recovery in HCI is so insignificant that it could be reason-

ably neglected: there exists localised degradation near the drain region, the reaction surface
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for annealing is thus reduced significantly; as a consequence, most of the generated Hydrogen
species diffuse away rather than diffuse back. This to a great extent reduces the complexity for
transistor/gate level HCI modelling since HClI is treated as a “one-direction” process. There-

fore, there is no need for the time-consuming iterative method.

To better serve the gate level modelling, the most important parameter in Eq. 4.15 is
t (tstress), Which must be calculated as accurate as possible. Unlike NBTI that happens even
at the standby mode, HCI occurs only when the MOSFET is switched from the "off” state to
the “on” state: lateral electric field is established between the source and the drain and current
flows through the channel. The current either charges C, via the pull-up path (PMOSFETSs) or
discharge it via the pull-down path (NMOSFETS). In case like Figure 3.30, P, suffers from HCI
only when S; is a logic "low” and S; switches from “high” to "low” and C7, is charged by V. In
case the former is not fulfilled while the latter is satisfied, there will be only a charging of the

internal capacitance, which is ignored since it is substantially small.

The definition of transition density (TD) is introduced in for HCI modelling: accord-
ing to [94], TD is the mean number of signal transitions per clock period. In this thesis the
pull-down path (for NMOSFETS) is taken as an example for tg...ss derivation, while that for
PMOSFETs could be obtained accordingly. The NMOSFET of interest is represented by N;;
allNMOSFETSs but N; must be "on” when it is to be switched to the "on”state, therefore a subset
of NMOSFETs is obtained from the pull-down path (PATH;): PATH;\{N;}, the probability
that an NMOSFET (with subscript £, any NMOSFET but NN;) is "on” is N,, 1. The probability
that N, undergoes HCl is SF;:

B For a single path with independent signals:

SF, — H Nonk (Eq. 4.16)
NMOSFET,ePATH;\{N,}

B For a single path with dependent signals, worst case is assumed and a formula similar to
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(Eq. 3.40) is obtained. For NMOSFET), € PATH;\{N;}:

SF; = min(Nop, k) (Eq. 4.17)

B For multi-paths with independent signals:

SF=1—([](1-SF)) (Eq. 4.18)

(2

B But if the signals are dependent for the multi-paths:

SF =min() _ SF;,1) (Eq. 4.19)
In Figure 4.6, there is single pull-down path. For independent signals, when N; switches: OFF
— ON, the probability that a conducting path exist from C7, to ground is SF; = 0.6 - 0.5 = 0.3;
and that for Ny is SF, = 0.3-0.5 = 0.15; for N3 itis SF3 = 0.3 -0.6 = 0.18. If these signals are

dependent, the worst case of SF; is limited by the minimum N,,, and SF; = Ny, 3 = 0.5; while
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those for Ny and N3 are SFy = Noy,1 = 0.3 and SF3 = N,y 1 = 0.3.

Ns in Figure 4.7 locates on two pull-down paths: Ny — N3 and Ny — N3. For
independent signals, the probability that at least one conducting path exists when N3 switches
from OFF to ON is: SF3 =1 — (1 —0.4)(1 — 0.2) = 0.52; while that for dependent signals is

simply the sum of N,,, 1 and N, 2, which is 0.6.

A significant property of HCI that is different from NBTI is that HCI is frequency-
dependent. This is not surprising since the total time that a transistor suffers from HCI relies
on the total number of times that there is current flow in the conducting path, which has a value

of:
TD

Niotat,i = T f-SE; (Eq. 4.20)

There is a "2” in Eq. 4.20 because only half of the transitions are from OFF to ON state.

Then the total HCI stress time ¢ in Eq. 4.15 is then represented as the product of
Ntotar,i @nd the input slope sy,

= Ntotal,i " Sin (Eq 421)

Apart from V;,, the creation of N;r increases the S; — S;O2 interface roughness and reduces
the channel mobility 1; this is why in Figure 4.2 the current source I, in the opposite direction
of 1;, is added. As has been discussed before, the insertion of I;., complicates the circuit for
SPICE simulation, and it also leads to the complexity of the sensitivity calculation by Eq. 4.6. A
more favourable method is to "bury” this influence in the device model card by extra modelling

of u. [95] gives the empirical equation that relates . and Awyy,:

_ K fresh
Haged 1+ aAV;&h

(Eq. 4.22)

« is a fitting parameter that has a typical value of 1. As is described by (Eq. 2.35),
(Eq. 2.38), and (Eq. 2.39), I;s o< u. The combinations of those equations with Eq. 4.22 repre-
sents an I, degradation due to V;;, degradation, stemming from HCI. Then I, in Figure 4.2 is

not compulsory any more. Meanwhile, as aforementioned, the voltage source AV}, could also
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be replaced by direct modification of V;;, inside the model card. Then the SPICE simulation

does not require structure change of the circuit.

For the pull-down path of a gate, the delay degradation only considers HCI; while for
the pull-up path, NBTI is also taken into account. The original "AgeGate” model uses I, for

HCI modelling. Then for the pull-up path, with the addition of HCI influence:

D
Dagea(NBTI&HCT) = Dpresh + Z AV + aa Al (Eq. 4.23)

meG On m

a%h m

The sensitivity with respect to 1, is described by Eq. 4.6, in which 8Av and 57— - are another

two sensitivities- they could be determined only by SPICE characterisation W|th the subcircuit

0D Olon
81} ’ 8Id

in Figure 4.2. Therefore, three sensitivities are required in this gate model: , and

M . With V};, chosen as the modelling parameter of HCI, the model could be simplified:

B Both NBTI and HCI are modelled as AV, then only a single sensmwty |s required for
the gate model;
B The subcircuits, be it Figure 4.12 for NBTI or Figure 4.2 for HCI, are not required for tran-

sistor level simulation.

The gate model equation could be simplified:

oD
Dagea(NBTI&HCT) = Diresh + ) 50—+ (AVinnpri + AVinncr) (Eq. 4.24)

mEG th,m

The new model equation requires V}, shifts caused by NBTI (AV;, nprr) and HCI (Vi mer)

respectively. Vi, mcr is to be modelled based on ¢, in the next section.

4.3 ¢.-based HCI modelling

In this section, the ¢,-based model is introduced in to represent the parameters in Eq. 4.15, and

HCIl in NMOSFETSs is taken as an example. k. and Dy are T-related, and they are described
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by Arrhenius equations, like the NBTI case ((Eq. 3.46) and (Eq. 3.47)). ky, however, is more

complex: apart from T, it is also influenced by two electric field strengths:

B E,.: vertical electric field strength in the gate oxide;

B E,,: lateral electric field strength in the velocity saturation region.

HCI occurs when there is current flow through the channel, which means the device is biased
in the strong inversion region. Therefore, (Eq. 2.30) is adopted to obtain ¢5. Then according to

potential balance and the voltage-field relation, E,, could be derived:

on:Vg—Vs—¢Ms—¢s

(Eq. 4.25)

lox

It is noticed that Eq. 4.16 and (Eq. 3.38) share the same form. But (Eq. 3.45) is specially for
PMOSFETS, in which ¢, is derived from (Eq. 3.42c).

To determine E,,, the length of the velocity saturation region (Al) is needed. Our
group has proposed the method for Al modelling in [96]. In (Eq. 2.4) there is the effective

thickness of the pinch-off region. This technology-dependent parameter is repeated here as:

L=t (Eq. 4.26)

€ox

In addition, the saturation field strength E,,; is determined by the saturation velocity v,,; and
the channel mobility 1, which is described by (Eq. 2.39); while the saturation voltage Vs sqt iS
depicted by (Eq. 2.40). As is described by [96], the maximum electric field strength (FE,,,.) in

the velocity saturation region is derived as:

V s V S,8Q 2
Emax = \/( d 7l2d : t) + Egat (Eq 427)
And Al could be derived:
Vdsfvds,sat + E
Al =1-In(— = %) (Eq. 4.28)
sat
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The "effective” lateral electric field strength E,,, is defined as[90]:

Vds - Vds sat
E,=—"-= Eq. 4.2
Al (Eqg. 4.29)

The dependency of k¢ on E,, and E,, is then described as:

E
) - eacp(—k—;f) (Eq. 4.30)

k an: (bit
F X eacp(EO HOI) . exp(—qAE
5 m

Eq. 4.30 is divided into three parts: the first part is the k;’s dependency on E,., and Ey xcr is
a technology-dependent parameter, which is similar to the field-dependent activation energy
Ey in NBTI; the second part describes the probability that an electron will gain enough energy
such that it is injected into the gate oxide. ¢;; is the impact ionisation energy with a value of
3.7¢V, and it is also the minimum energy required for an electron to be injected; \ represents
the channel mean free path of an electron, which is 7.8nm. The last part is the Arrhenius

relation, describing the temperature dependency.

[88] and [90] describes HCI for the 65nm technology with published data, including
model equations, parameter values. The simulation results from the model built in this chapter
is compared with these data: In Figure 5.1, the three curves correspond to data collected from
[88]: from high to low, the respective effective channel lengths are 65nm, 70nm, and 75nm.
The dots come from our model. It is notice that the two groups of data are close to yet slightly
different from each other. This deviation comes from the different models for the saturation

voltage. Vg, sq¢ in [90] is related to the V;,, denoted as Vs sat v, -

(ths - V;fh)EsatLeff

Eq. 4.31
Vgs - V%h) + EsatLeff ( 4 )

Vds,sat,\/}h = (

While for the phi, based model, Vg, 44+ is described by (Eq. 2.40) and rewritten here (denoted

as Vds,sat,¢s ):

Vot.sEsat L
Vds,sat,(ﬁs = v ghssal (Eq 432)

gt,s T Ab,sEsatL + 2AAb,s'Utm
In Eq. 4.31, Vs — Vy, is the charge density normalised to C,,, which is equivalent to Vi ; in

Eq. 4.32. But the denominator of Eq. 4.32 includes more contents. This results in Vs sqt 0, >

84



CHAPTER 4. HOT CARRIER INJECTION MODELLING

= 0.014 = 0.014
=] 3
£ 0.012 £ 0.012
= =
Qo Qo
s on 5 ool
s s
= 0.008 = 0.008
@ @
S 0.006 S 0.006

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
time (second)

time (second)

Figure 4.8: AV,, VS time for multiple  Figure 4.9: AV}, VS time for multiple V;
channel lengths with L.;=65nm

0.014

0.016
0.014 0.012

__ 0012

o
2

0.01

=)
1=}
=}
®

0.008

Delta Vth (arbitrary unit)
S
8

Delta Vth (arbitrary unit
o
(=]
®

o
=3
=1
R

o

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
time (second)

time (second)

Figure 4.10: AV}, VS time for multiple V,;,  Figure 4.11: AV}, VS time for multiple V;
with L. ;r=70nm with L.;r=75nm

Viis sat,¢.» though the difference is small(1% for L.s; = 75nm and 1.26% for L.sy = 65nm).
However, this difference is amplified by Eq. 4.29 and the exponential term in Eq. 4.30. Even
so, data in Figure 5.1 do no differ much (3.88% for L. = 65nm, 2.22% for L.;y = 70nm, and
3.75% for Ley¢ = 75mm).

Figure 5.2, Figure 5.3 and Figure 5.4 are obtained for two V; values: 1.3V and 1.6V
with V, fixed at 1.6V. There three figures are for the three respective channel lengths for the

sake of clearness. The data from [88] and those from our model have an acceptable match.
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Avth

Figure 4.12: AV,,subcircuit

4.4 V;, modelling in the ¢,-based transistor model

The ¢,-based model does not include the parameter V;;,; instead, most physical quantities are
related to ¢;. However, the mainstream researches tend to integrated the influence of NBTI
and HCl into AV;,. To investigate the influence of AV}, on the performance of a device or the
propagation delay of a circuit, usually a subcircuit is constructed as is discussed in [97, 88]
and shown in Figure 4.12: Figure 4.12 shows a PMOS rather than NMOS, though HCI is
more pronounced in the latter. The reason is as follows: the aim of this thesis is to simplify
the “AgingGate” model, in which both NBTI and HCI are taken into consideration for PMOS-
PMOS degradation is the sum of degradation from NBTI and that from HCI, as is depicted by
Eq. 4.23. It is noticed that HCI in Eq. 4.23 is based on I,,, degradation. The model proposed
in this chapter uses V};, degradation to describe HCI such that the AgingGate model could be
simplified by Eq. 4.24. The choice of a PMOS in Figure 4.12 is consistent with Chapter 3 (NBTI
for PMOS).

The voltage source connected to the device gate terminal is equivalent to AV,;,. As
is shown, to maintain the performance of a PMOSFET, a more negative V, is required to

offset the influence of AV;,. The insertion of the voltage source turns to make the circuit
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more complicate, especially for complex circuits. Another method is to change the structure
description file of the device, where V};, is directly modified. V;;, is not available in the ¢,-
based model. In case a circuit is built up with devices described by this model, a "substitution”
parameter is needed for the direct modification. It is found that the flatband voltage Vrp is

good candidate. There are two reasons:

e The definition for V5 shown in (Eq. 2.13) includes two components. The second one g—j is
the influence of the equivalent charges located at the S; — S; O, interface [41]. The aging
effects tend to create interface states N;7, which could be treated as a "net” increase of

Qoq- In addition, AVy, = %17 has the same form as %e=.

e The classic definition of V;y, is:

Vih = VrB + 20F + v/ 20F (Eq. 4.33)

The linear relation between V;;, and Vi described by Eq. 4.33 implies that a change in

Vrp causes the same amount of change in V;,:

AVrp = = AVy, (Eq. 4.34)

This is consistent with the first point.

The definition for V;, in Eq. 4.33 is quite rough: it just set V;;, as the value of V;, when it drives

¢, 10 the value of twice of ¢ . In reality several methods are proposed to extract V;y:

B The constant-current (CC) method [98, 99, 100, 101, 102] is proposed for its simplicity. It
determines V;;, as the V,, value which drives the device to a predefined constant drain-

source current 1,4, 0. However, the arbitrary choice of 1,5 o makes V4, quite vulnerable.

B The match-point (MP) method is introduced in [103]: when the exponential subthreshold
145 semi-log extrapolation deviates 5% from the measured I, the corresponding V,

is set as V};,. Like the CC method, when the deviation of extrapolation is set to other
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values than 5%, different V;;, values are created. Meanwhile, this method focus on weak

inversion but strong inversion is underemphasised.

B Introduced in [104, 105, 106], the linear extrapolation (LE) method determines V;;, with the

V, axis intercept (which means I;; = 0) of the linear extrapolation of the 1;; — V; curve

at the maximum %f‘g; point. This value is then added with *2 to give Vj;. In spite of

its popularity, this method is affected by mobility degradation and the drain and source

resistances R4, as is proved by [107].

B The transconductance change method is proposed in [108], where V;;, is the value of V,

9214,
vy

errors and noises.

when is at its maximum. This method may be contaminated by measurement

In [109, 110], our group introduces the method called ”critical current at linear threshold
(Leritical@Vin tinear)”: the maximum-g,,, definition in the linear region is firstly adopted to de-
rive the linear region threshold voltage Vin jineqr; the critical current is then set as I . iticar =
I45(Vy = Vintinear)- Only the linear 1, — V, curve is enough for Vi, jinear @Nd Iepiticar €Xtraction.
Vi, at any other bias is defined/measured as V that leads to I35 = I ritica- This method avoids
the arbitrary choice of I..;;.; in the CC method while maintains the simplicity of V;;, definition

and measurement for different biases.

In this thesis, V4, for the ¢s-based model is determined according to the critical cur-
rent at linear threshold method. The relation between the extracted V;;, and Vi is investigated
and shown in Figure 4.13. |t is noticed that V;;, and Vg are linearly related with the slope of
1. Therefore, Eq. 4.34 still holds for the ¢,-based model.

Then the subcircuit in Figure 4.12 should be equivalent to a direct change of Vpp of
the device, with AVrpp = AVy,. Figure 4.14 show multiple I; — V, relations of a devices: V
is fixed at 1.8V; V; is swept from 0 to 1.8V. The curves are obtained with the voltage source
insertion, the value of which is |AV;|; while the dot plots are generated with direct V5 modi-
fication. It is found that with |AV,| = AVEg, the dots all fall on the curves. This demonstrates

the claim at the beginning of this paragraph. Meanwhile, it provides an alternative for ¢s-based
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reliability modelling: apart from the subcircuit, V5 could be chosen as the model parameter.

The choice of Vg is then checked at the transistor level with the simplest circuit, an
inverter. The relation between circuit delay D and AVgp is tracked. As a comparison, method
in Figure 4.12 is again adopted to describe how D is related to the value of the inserted voltage

source AVy,. Data are shown in Table 4.1.

Columns 2 and 3 of Table 4.1 are highly consistent with each other, meaning Vg
could be an option for transistor level reliability modelling. When plotted, the relation between

D and AVgp is shown in Figure 4.15:
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Figure 4.14: Device performance equivalence of Awv,, voltage source insertion and
direct V5 modification

Table 4.1: Comparison of the influences of voltage source insertion and direct Vip
modification on AD

AVy, (mV) | D(s) due to AV, | D(s) due to AVrgp | AVrg (MV)
0 2.40E-08 2.40E-08 0
5 2.41E-08 2.41E-08 5
10 2.42E-08 2.42E-08 10
15 2.43E-08 2.43E-08 15
20 2.44E-08 2.44E-08 20
25 2.45E-08 2.45E-08 25
30 2.46E-08 2.46E-08 30
35 2.48E-08 2.47E-08 35
40 2.49E-08 2.49E-08 40
45 2.50E-08 2.50E-08 45
50 2.51E-08 2.51E-08 50
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Figure 4.15: Relation between circuit delay and AVrp

Figure 4.15 show that the delay degradation is almost linearly related to AVrg. This
might be an inspiration for the future work- for circuits consisting of MOSFETSs described by the

¢s-based model, Vg rather than V;;, could be adopted as the reliability modelling parameter.

4.5 A comparison of HCI in NMOS and PMOS

We have found a comparison between NMOS HCI and PMOS HCI in [29]. The comparison

focuses on the stressing voltage and temperature for the 90nm technology:

Figure 4.16 shows the dependence of HCI on the stressing voltage follows a power

law for both NMOS and PMOS; besides, the severity of I,, degradation is similar for both
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devices. In Figure 4.17, the stressing voltage is fixed at 1.32V. It shows that NMOS HCI is
quite immune to the temperature variation; PMOS, on the other hand, increases linearly with

temperature increment.
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Conclusion and Future Work

5.1 Conclusion

The reliability modelling at the transistor level and gate level are interrelated: at the transistor
level, the device parameter shift (Ap) is modelled as a time (¢t)-related function, where ¢ could
only be determined at the gate level since a specific device always switches between the "ON”
and "OFF” states; at the gate level, the timing (delay degradation) is a function of Ap, which is
determined at the transistor level, where the physical geometry and the input voltages to the
specific device are involved. The aim of this thesis is to provide degradation equations at the

transistor level such that they could be adopted at the gate level.

Two reliability issues are covered in this thesis- NBTI and HCI. Both models are built
based on the R-D model: NBTI corresponds to 1D diffusion, while that for HCI is 2D. Chapter 3
of this thesis introduces in a new algorithm for NBTI modelling, which is suitable for gate level
modelling. The inspiration of this algorithm comes from the comparison of data from both the
DC and AC simulations. This algorithm is compact, taking the unique recovery effect of NBTI
into consideration. It possesses the following advantages compared with the existing DC and

AC case NBTI models:
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B It has a compact form like the DC case. Parameter shift could be obtained once the stress-
ing parameters (voltages, time, device geometry) are known. It avoids the iterative com-

putations for AV}, derivation. The time efficiency is improved by orders;

B It achieves identical accuracy as the iterative method for long term, where the recovery ef-
fect is taken into account. The DC model without considering the recovery effect leads
to overestimation of AVy,; while the one with a single recovery phase results in under-

estimation.

The modelling parameters are determined according to the ¢,-based model. The simulation

results match well with the measurement data, with the temperature influence considered.

Chapter 4 of the thesis models HCI as a threshold voltage shift rather than the on

current shift. By doing so the following simplicities are achieved:

B V};, is a device parameter in the model card. AV, could be directly inserted into the circuit
to investigate its impact on circuit delay degradation, and the complex subcircuit is not
compulsory; should it be Al,,, not only is a subcircuit is required, but also more rela-
tions: I1,, and Vy;, and I,,,, and degradation current (for mobility modelling) are required.

Since every step may involve error, this complexity might leads to much error.

B The AgingGate model considers both NBTI (AV;;,)and HCI (A1,,), where 6 sensitivities are
required. With this AVy,-based HCI model, the AgingGate model is unified as a AV},
based gate model. Then only 1 sensitivity (%DTEZ}?@’) is needed. The overall AVy, is the

sum of those from NBTI and HCI. The simplification of gate model could be achieved.

Like NBTI, the modelling parameters are also determined based on the ¢s-based device
model. The simulation results are compared with the published data for the 65nm technol-

ogy, the two of them match well with an error < 5%.
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5.2 Future Work

Apart from NBTI and HCI, there exists other reliability issues, among which TDDB received
more and more attention. Three successful models, namely, the thermochemical model [111,

112], the anode hole injection (AHI) model [23, 113], and the voltage-driven model [114, 115].

So far almost all circuit simulations of TDDB require subcircuits, where current sources
or resistances are added into the circuit. This may result in complicated gate models. With
the experience in NBTI and HCI modelling, a bridge is needed between TDDB and AV}, such
that the gate model could be simplified. Or in the worst case, TDDB could be related to a
parameter residing in the device model card. In this case there is no need for subcircuits,
even though one more sensitivity is required. Apart from TDDB modeling on single devices,
statistical influence of TDDB on large Application Specific Integrated Circuit (ASIC) block may

be another interesting research direction.

This thesis provides degradation model equations at the transistor level for gate level
use, but the gate model is beyond the scope of this thesis. Since now these equations are

available, they could be adopted in a random gate model, as long as they are NBTI/HCI related.

The advantage of the ¢s-based model has been aforementioned. Currently this de-
vice model has been built into Cadence for circuit simulation. Though V;;, is not in this model
card, Chapter 4 demonstrates that Vx5 could take the place for reliability modelling. If the
¢s-based model could become a standard in the future, reliability models should be related to

parameters in its model card for simplicity.

5.3 Reliability Issues in High-k Devices

This thesis focuses on conventional MOSFET. With the conventional Si0O./SiO,N, gate di-
electric scaling, the gate leakage current density increases dramatically, which limits the scal-

ing. High-k dielectrics are thus adopted. Owing to the increased physical thickness, high-k

95



CHAPTER 5. CONCLUSION AND FUTURE WORK

gate dielectric is able to reduce the leakage current significantly [116, 117, 118]. Despite the
advantages of reducing the gate leakage current, high-k dielectrics (such as H fO,) suffer
from some fundamental issues: fixed charge, trapped charge, for example. In terms of NBTI,
there have been reports showing that for pMOS with ultrathin H fO2 dielectric and tungsten
(W) gate, it shows comparable V;;, shift to those in SiOs-poly Si stacks [119, 14]. The mech-
anism of PBTI in high-k MOSFET is the same as that in Si0O, based MOSFET, which is a
consequence of charging trapping. It is believed that the pre-existing bulk traps are filled will
charges. Due to the structure of the high-k dielectric, it suffers from even more severe PBTI.
This has been demonstrated in [120, 121, 122].

5.4 Reliability Issues in FInNFET

The FinFET has a structure difference compared with the planar MOSFET. Figure 5.1 shows

the 3D structure of a double-gate FinFET. The physical parameters are as follows:

O L: channel length;
O Ws;: channel width;
0 Hg;: height;

O t..: gate oxide thickness.

Figure 5.2 is a cross section perpendicular to the = direction, which gives a better view of the
FinFET. Figure 5.3 is the cross section perpendicular to the z direction: it provides a good
view for NBTI analysis. In Figure 3.2 of Chapter 3 we depict the NBTI for the planar MOSFET.
Figure 5.3 is like two of Figure 3.2 lying together symmetrically. The N;(t) and AV}, equations
derived in Chapter 3 are also suitable for describing a FinFET. This kind of modelling could

also be found in [91].

Figure 5.4 is the cross section of FInFET HCI. It is like two of Figure 4.4 lying together
symmetrically. So the equations derived in Chapter 4 also fit in with FinFET HCI modelling.
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Figure 5.2: FinFET cross sec-

Figure 5.1: 3D structure of FinFET tion
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@ |Interface States @ |Interface States

Figure 5.3: NBTI cross section of FinFET  Figure 5.4: HCI cross section of FinFET

[77] mentions PBTI in FinFET, where the dielectric is high-k H fO». The author also
attributes PBTI to the filling of the pre-existing trap sites, so this should be the same as stated
in Question 13. In [123], a comparison of PBTIs in planar MOSFET and FinFET is carried
out. Both FETs have H fO, gate dielectric. The result shows with the same electric field in the
gate dielectric, PBTIs for planar MOSFET and FinFET are comparable (which means PBTI is

irrelevant to the device structure).
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Compared with the planar MOSFET, FinFET presents better short channel behaviour;
meanwhile, it has potential area benefits [124, 125, 126]. In terms of TDDB, the relation be-
tween time-to-breakdown (tzp) and the gate stress voltage (V) is described with a simple
power law model [127]:

tgp =B V5" (Eq. 5.1)

B is a constant and n is the acceleration factor. Statistically, tzp follows the Weibull distribu-
tion; with the maximum-likelihood estimation, the Weibull slope 5 could be fitted according to
the TDDB data. At the very beginning, a voltage breakdown model (Vi model) [128] is adopted
to explain TDDB mechanism; then later in [129, 130] it attributes TDDB to the hydrogen re-
lease; with the high-k gate stack replacing the conventional SiO-, studies start to move to the
influence of the oxygen vacancy traps [131, 132]: the high-k layer contains oxygen vacancy de-
fects that induce the Stress Induced Leakage Current (SILC) during oxide degradation. [133]
interprets the power law to be correlated to deep trap generation for high-k n-type FinFET:
the deep oxide trap results in permanent damage; it also contributes to the percolation path

formation.

[134] carries out a comparison of TDDB between FinFET and the planar MOSFET.
The results of the experiments show that both types of devices possess almost the same
Weibull slope and similar acceleration factors. This indicates that no new mechanisms are
introduced for the FinFET structure. There has been a major concern that the concentration
of the electric field around the fin corners may result in preferential dielectric breakdown. The
results in [134] overturn this suspect. Beside, [134] shows that soft breakdown occurs when

there is a three-trap path through the dielectric.
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