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ABSTRACT

The aging mechanism in devices is prone to uncertainties due to dynamic stress
conditions. In AMS circuits these can lead to momentary fluctuations in circuit voltage that
may be missed by a compact model and hence cause unpredictable failure. Firstly, multiple
aging effects in the devices may have underlying correlations. The generation of new traps
during TDDB may significantly accelerate BTI, since these traps are close to the dielectric-
Si interface in scaled technology. Secondly, the prevalent reliability analysis lacks a direct
validation of the lifetime of devices and circuits. The aging mechanism of BTI causes
gradual degradation of the device leading to threshold voltage shift and increasing the
failure rate. In the 28nm HKMG technology, contribution of BTI to NMOS degradation
has become significant at high temperature as compared to Channel Hot Carrier (CHC).
This requires revising the End of Lifetime (EOL) calculation based on contribution from
induvial aging effects especially in feedback loops. Conventionally, aging in devices is
extrapolated from a short-term measurement, but this practice results in unreliable
prediction of EOL caused by variability in initial parameters and stress conditions. To
mitigate the extrapolation issues and improve predictability, this work aims at providing a
new approach to test the device to EOL in a fast and controllable manner. The contributions
of this thesis include: (1) based on stochastic trapping/de-trapping mechanism, new
compact BTl models are developed and verified with 14nm FinFET and 28nm HKMG
data. Moreover, these models are implemented into circuit simulation, illustrating a
significant increase in failure rate due to accelerated BTI, (2) developing a model to predict
accelerated aging under special conditions like feedback loops and stacked inverters, (3)

introducing a feedback loop based test methodology called Adaptive Accelerated Aging



(AAA) that can generate accurate aging data till EOL, (4) presenting simulation and
experimental data for the models and providing test setup for multiple stress conditions,
including those for achieving EOL in 1 hour device as well as ring oscillator (RO) circuit
for validation of the proposed methodology, and (5) scaling these models for finding a

guard band for VLSI design circuits that can provide realistic aging impact.
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CHAPTER 1.INTRODUCTION

1.1. Overview of Current Aging Models

Aging in devices due to gradual degradation of threshold voltage (Vi) has been
explained by multiple models. For Bias temperature inversion (BTI), there are two main
models in existence that address transistor behavior degradation due to changes in the
quality and physical state of the gate oxide. The earlier developed and widely accepted of
these models is the Reaction-Diffusion (RD) model. The RD model assumes that applied
voltage at the gate (Vg) initiates a field dependent reaction at the semiconductor-oxide
interface that generates interface traps by breaking passivized Si-H bonds. During
Reaction, the interface charges introduced by the broken bonds cause an increase in Vin.
During Diffusion, the generated hydrogen species combine to form Hz and diffuses away
from Si-SiO> interface towards the gate, thus changing the concentration of hydrogen at
the interface. When stress is lowered, the hydrogen species diffuse back and anneals the
broken bonds thus causing recovery [4].

The second model known as the Trapping-Detrapping (TD) model explains the
change in Vi through charging and discharging of trap locations in the oxide and at the
interface. According to this theory, the field applied at the gate due to V4 modulates the
trap energy. When the trap gains enough energy, it may capture a charge carrier thus
reducing the number of available carriers in the channel. This phenomenon is called
Trapping. Faster traps have higher probability of capturing carriers; the occupation
probability increases with increase in VVoltage and Temperature. When the trap releases the

carrier due to decrease in its energy, it leads to De-trapping and hence recovery [5].



In addition to BTI, Hot Carrier Effect (HCI) impacts aging when the drain voltage
(V) is high. The high drain-source (Vgs) voltage accelerates the electrons and they impact
the drain causing localized generation of traps. When both V4 and V4 are high, BTI and
HCI occur simultaneously and their effect on Vi can be seen as additive. HCI follows the
t" relation similar to BTl in RD model with n~0.45. Only thing to note is that HCI does not

experience any recovery.
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Figure 1.1 Existing physical models of Vi change in literature. Left to right shows
BTI-RD model, BTI TD model and HCI model

1.2. Issues in predicting aging in present models

The models presented above present some issues in their compact formulation. The
pros and cons of each models can be listed as:
e Reaction-Diffusion model:
Pros: n'" order time dependence of degradation is modeled well especially for long

stress time.
Cons: Short term degradation/recovery on time scales less than a milli-second are
not well modeled. Moreover, this model is sensitive to statistical variations in modelling

parameters. The time exponent model parameter ‘n’ stabilizes to the expected value of 0.16



over long stress times, but is much higher for shorter stress times. In comparison, the
parameters @, A and C of the TD model ( n(t) = @ (A + log(1 + Ct))) do not show large
variations [6].

e Trapping-Detrapping model:

Pros: Models fast recovery well, and is more reliable with log(time) prediction.

Cons: Not reliable at longer stress times, likely due to not accounting for increase
in number of available traps in time [6]. This model assumes a fixed number of initial traps
then modulates the energy of the traps based on the applied stress voltage.

Owing to these observed shortcomings, attempts have been made to unify these
models to be able to predict the short term and long term degradation of Vth in a better
way. Previous efforts at joint modeling of RD and TD effects includes the two energy well
model [7] and the structural relaxation model [8]. Built based on the RD model, the carriers
in the two energy well model can be captured by traps of different energy level and recover
quickly from those of low energy in order to explain the fast recovery and variation in
parameters. Structural relaxation was built on the TD model and artificially introduced
non-recoverable traps to explain degradation over long stress times.

In this work, I attempt a more direct unification of the RD and TD mechanisms by
modeling the number of traps in a deterministic way as per the RD mechanism, while using
TD to describe the stochastic process of capture and emission. This work combines the trap
generation features of the RD model with the trap occupation features of the TD model to
reliably predict both short- and long-term degradation and recovery due to all FEOL
mechanisms. The model developed here should also be able to handle cases where

Dynamic Voltage Stress (DVS) or random input stress conditions are applied.
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1.3. Motivation for this work

Temporal degradation of devices and circuits is a key factor in failure management,
causing over margining, lower performance and higher power consumption. The goal of
this project is to develop efficient and accurate means of modeling and testing aging effects
in the high stress regime where failure can happen in a matter of hours. The models are
developed on the basis of same underlying physical principles of trap generation,
population and de-population. This work not only aims at solving the problem of short term
measurement error shown in Fig 1.2, but also at providing a new approach to test the device
to the end of lifetime (EOL) in a fast and controllable manner adaptive to device response
to mitigate the issues arising out of long term extrapolation. While HCI is still significant
in analog/mixed-signal design, BTI is dominant in digital design at scaled technology
nodes, for both NMOS and PMOS devices. Physical modeling and accurate prediction
tools of these aging effects are essential to guarantee the quality of large-scale system

design at short time scales.
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* (Image: K. B. Sutaria et al,“ Accelerated aging in analog and digital circuit with feedback,” IEEE TDMR, 2015)

Figure 1.2 (left) Mismatch in short term modelling by RD model. (Right) Mis-

prediction of momentary fluctuations in AMS circuits causing failure
4



The prediction for reliability, such as the lifetime, presents a unique challenge to
integrated circuit design community. Unlike timing and power analysis that can be directly
validated by silicon measurement post fabrication, EOL can only be predicted. A common
practice is to sample the device for a short time, calibrate the aging model, and rely on
extrapolation methods to estimate the device lifetime. This conventional method suffers
from inaccuracy in long-term prediction due to many physical and practical reasons, such
as the stochastic nature of the aging process, device-to-device variations and design
uncertainties. To account for these factors at the circuit level, such a method is expensive
in runtime and memory resources [1-3]. As an example, Figure 1.3 presents the prediction
of EOL for four 28nm NMOS devices, using the power law dependence on the stress time
to extrapolate. In the presence of statistical fluctuations that are intrinsic to PBTI, even a
small difference in the short-term data, which may be introduced by device variations or
testing conditions, can lead to a dramatic variability in the long-term prediction [5, 13].
Starting from a similar threshold voltage (V) degradation rate, two of the devices exhibit
a difference of 10X in the time needed to reach 100mV shift in Vi (AV).

Therefore in this work, analyses is done to study the impact of circuit conditions
liked feedback loops, stacked inverters, level shifters, DVFS circuits etc. that may lead to
accelerated Vi degradation. A strategy is developed to accelerate aging of a device or

circuit to meet EOL requirements specified.
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Figure 1.3 Vi shift based on the extrapolation from short-term measurement
leads to unreliable EOL prediction under statistical variations. Though the short-term
Vi shifts for four devices only have a small amount of variations, the difference among

them is amplified during the extrapolation.

Added to these device level modelling challenges, reliability analysis at circuit level
also poses problems. Simulating 28nm high-K metal-gate (HKMG) with SPICE is
inefficient for large-scale digital design as shown in Fig 1.4. As the scale and the
complexity of VLSI design increase, the time taken to calculate aging increases linearly.
Additionally, the physics of recovery in BTI is not well described by existing models in
the PDK, causing a significant overestimation of path delay degradation (ATd), as shown
in Fig. 1.4. In design practice, such erroneous aging prediction may lead to inappropriate
optimization and tradeoffs among performance, power and reliability. Thus, the framework
of System Reliability Analyzer (SyRA) has been updated to SyRA-X for providing a guard-
band to reliably predict circuit aging. So the motivation is to provide a fast and accurate

aging prediction for VLSI circuits.
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Figure 1.4 (left) Time required for aging simulation in SPICE increases with the
complexity of the circuit. (right) Current PDK model at 28nm does not capture the

recovery effect thus leading to overdesign

1.4. Thesis Organization

Chapter 2 discusses the development of BTI model to cater to short term as well as
long term stress model. It also details the impact of TDDB aging by incorporating the
additional traps and their energy into its framework. Chapter 3 discusses the analysis of
positive feedback in specific circuits and implementation of methodology to accelerate
aging to achieve desired EOL. Chapter 4 provides a discussion on the results of SyRA-X
framework on VLSI circuits. Chapter 5 summarizes this work and sheds light on some

possible future work ideas.



CHAPTER 2.BTI Model Development

2.1. Model to incorporate short term and long term effects

Bias-temperature-instability (BTI) is the dominant aging effect in scaled
technology. Its underlying physics can be explained and modeled by the trapping/
Detrapping process (TD) [10]. Previous efforts on BTI modeling assume a constant trap
availability and results in the logarithm model [5]. To account for the change in trap number
in both gradual aging and the sudden fluctuation under TDDB (described in next section),
| first introduce an increase in total trap number (N) over time as a power law on time (t")
[2] (Table 1). The number of occupied traps in TD model is given by equation 1 [10], where
Np is the number of available traps, n(t) are occupied traps [5] and Pot is the occupation

probability of a trap at time t.

n(® = (Z%,-0No )  Poa (6T ) 1)
Expanding Poz in terms of capture and emission coefficients (tc, te), and substituting for
logarithmic distributions of time constants equation (2) is obtained, where pmin and pmax are
the time constants of the fastest and slowest traps, g(E) is the trap energy distribution and

N is the average trap density. The assumptions made in this model are:

1. Np is Poisson distributed, common for a discrete process of trapping-detrapping.
2. 1c and te are uniformly distributed on a logarithmic scale.
3. Distribution of trap energy is approximated as a U-shape.

“Pmaxt e~ U—
n(t) — N % ETmax g(Er)dEt % f10 te ldu (2)

In10(Pmax —Pmin) 0 1+exp(—%) 10 Pmint ¢y



In model, replace the Poisson distributed Np by a deterministic time dependent N(t)=At"
which evolves with time based on power law. Total number of traps effecting device aging

is then obtained by integrating over the stress time as

) t"log(A + Bt) + —at_¢n _ 144

1
1+Bn B 1+Bn Btn lOg(A + Bt)

n(e) = (p(l " 1+Bn-B

(3)

In this equation A, B and ¢ are the TD model parameters discussed in [2]. In this
BVg
model ¢ has an exponential dependence on V and T given by: exp (T kT) exp ( ) The

last term decays very quickly and can be ignored. This equation can be expressed in a

compact form as:
n(t) = (p[Clt“ln(l + Czt) + Cgtn] (4)

where ¢ has an exponential dependence on stress voltage (V), temperature (T) and trap
energy (E) expressed above. C1, Co, and Cz are dependent on TD model coefficients which
in turn depend on stress conditions and trap characteristics. These parameters will
determine sensitivity to short-term and long-term stress condition and can be used to fit the
model to experimental data. For dynamic stress, the first term dominates. Fig. 2.1 validates
this model with 14nm FinFET data [11]. While a conventional t" model may match the
long-term data, it has a larger error in the short term (the inset in Fig. 2.1). The new model
of Eq. (4) well matches the data in both the long term and the short term. The shift in

threshold voltage depends on the number occupied traps as

AVy, = q’;‘:it) (5)



HCI does not contain a recovery step and can be explained well by the RD model [11].
Since the stress condition for BT1 and HCI are different, their effects can be decoupled and
the total shift in threshold voltage can be found as a linear combination of shifts produced

by each mechanism (Eq. 6)

AVth_total = AVth_HCl + AVth_BTl + AVth_BTI_recovery (6)
12 -
104
g
> 89
8 6
£
> 4 -
< _~00 0.1 0.2 0.3
2 m  14nm data
- t" —— TD w/ const. N
o1 ® —— Proposed model
0 200 400 600 800 1000
Time (S)

Figure 2.1 The new model improves the accuracy across a wide range of stress time [11]
2.2. Model with added TDDB impact

Usually the TD process is gradual and independent of other aging effects, e.g., time-
dependent-dielectric breakdown (TDDB). Yet, with ultra-thin gate dielectric, the new traps
that are generated by TDDB may lead to simultaneous increase in gate leakage (lg) and
threshold voltage (Vi) (Fig. 2.2). This is because the new traps from TDDB are still close
to the interface between gate dielectric and the substrate and thus, are able to participate in

and accelerate the capture/emission process of BTI (Fig. 2.2). Fig. 2.3 presents the study
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Figure 2.2 (left)The sudden jump in lg, caused by TDDB, accelerates Vi change under
BTI. (right)The generation of new discrete traps (shown as white dots) under TDDB lead

to the final conductive path, and are also responsible to faster degradation of BTI.

flow, with the particular interest on the correlated TDDB and BTI that are induced by the

same group of traps, as well as the impact on circuit lifetime.

Joint Aging Prediction
Random device and circuit-level aging simulation

TDDB Modeling > TD-based BTl Modeling

l4(V, T, time, N, E) Vin(V, T, time, N, E)
Stress Condition Stochastic Trap Property
V, T, Time Trap number (N), Energy (E)

Figure 2.3 The modeling and simulation flow, with the focus on the correlation between
TDDB and BTI. The stochastic properties of the trap are calibrated by joint

TDDB and BTl measurement.
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More importantly, the random jump in trap number due to TDDB (AN(t1), where t1
is the moment it happens) needs to be carefully considered. The occurrence of Ig jump is
more probable when multiple traps are generated simultaneously leading to the percolation

path [4]. These additional traps are integrated into Eq. (4), as presented in Table 1.

Effect Trap number Compact Model
Cit"In(1 + Cyt) + C5t"
BTI (AVw) At™ + AN(t) + exp(E/Ey)AN(t;)In[1
+ G (t - ty)]
1+ exp(ﬁ(E - a))
TDDB (I AN(t

AN(t,):2 + 1; t7: random; E: 1.4 + 0.15eV

Table 2.1 : Summary of BTl and TDDB models, correlated by discrete random
trap generation.

Validated by Fig. 2.4, these new traps have a much more pronounced effect than

the gradual aging process, due to the number of traps generated and their energy. Similar

3.0 ®  28nm data (105°C) . —a— Trap energy (E)
7 Proposed model w/ Ig jump 404 —o— Trap number (N)
- Extrapolation w/o Igjump .
28nm TDDB model
204 ¥ 301
______ <
- £
i —=20-
1.01 i under-
i ! estimation
i | 104
0.0 P 1t jump i 20 jump
0 10 20 30 40 50 60 0 2 4 6 8
Time (ks) Parameter change (%)

Figure 2.4 The impact of TDDB on BTI is significant in aging prediction. (right)
TDDB is more sensitive to trap energy due to the exponential dependence
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sensitivity to N and E is also observed in TDDB (Fig. 2.4) [9,12]. To confirm the
correlation between TDDB and BTI in thin dielectric devices, multiple 28nm HKMG
transistors were stressed and simultaneously monitor both lg and threshold shift (AVi), as
shown in Fig. 2.5 (top). Note that even under severe TDDB, lq is still much smaller than

the drain current that is used to extract Vin.

— 1 —0—AV i 28nm data
g th 301 oy MM 2.0
L 40 M koo |105°C 20
E a 9 12-
1.5 20 z
20 108 - -
3
1.07 -105
] F .
) Lo 0
0.57
0 10 20 30 40 0 2 4 6 0 10 20 30 0 10 20 30
Time (ks)
S Additional traps (AN) - 45
730 - >
) i
> 30§<
c
< 15 -153
S AV
o th <
_U,O T T T T L] L] L] L] O ~
0 5 10 15 20 25 30 35 40
<
.30 L 96 5
o )
= 3
T 15+ 93 X
<
: >
-0 L 90

130 135 1.40 1.45 1.50
Figure 2.5 (top) The correlation of TDDB and BTI in four 28nm devices. The new BTI
model well captures the acceleration that is affected by the additional traps under
TDDB.(bottom) From Ig and Vi, changes in 7 devices, the properties of new traps

generated by TDDB are extracted, matching their assumption in Table 1
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Therefore, AV is indeed due to BTI1. The slope of AV remains the same after additional
traps. From each moment where lg jJumps, the acceleration of BT1 is consistently observed.
Furthermore, the models of TDDB and BTI (Table 1) are applied to each moment and a
pair of AN and E are extracted. Fig. 2.5 (bottom) summarizes the result. The range and
statistics of both parameters match original assumption in deriving the models (Table 1)
[10,9,12].

The new models are integrated into circuit simulation to assess the impact on
timing. Fig. 2.6 presents the schematic, with both TDDB and BTI degradation affected by
the same group of new traps. The moment of trap generation is a random variable in
Verilog; their energy follows a normal distribution [9]. Two data-paths are statistically
simulated, as shown in Figs. 2.6 and 2.7. The time to failure (TTF) is defined by timing
error, i.e., when path delay increases by more than 5% of the fresh value. Indeed, the
stochastic impact by TDDB on BT] significantly speeds up delay degradation. In the worst

case, TTF may be reduced by more than 4X.

AVip(rand(t),N,E)

Figure 2.6 (left) Both TDDB and BTI are implemented as stochastic aging to circuits
(right) the data paths analyzed.
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Figure 2.7 Timing failure happens much earlier due to the acceleration by TDDB, even

though TDDB does not occur yet.
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CHAPTER 3. Feedback Loop

3.1. Positive Feedback Loops and Accelerated Aging

Reliability modeling and analysis today lacks a robust method to directly validate
the lifetime of devices and circuits. As aging mechanisms are usually gradual, i.e., a slow
process, conventional aging analysis relies on the extrapolation from a short-term
measurement, resulting in unreliable prediction of End of Life (EOL). Such situation is
exacerbated at scaled technology nodes, where the more gradual and stochastic mechanism
of Bias Temperature Instability (BTI) dominates aging, rather than Hot Carrier Injection
(HCI). To improve the robustness of aging modeling and EOL prediction, this work
proposes a new approach to adaptively stress the device to EOL in an accelerated and
controllable manner. It enables us to monitor the entire process of degradation and validate
related analysis tools. This chapters outlines the acceleration in aging caused by certain
circuit configurations like diode connections, stacked inverters, level shifters etc. and
leveraging this phenomenon, develop a closed-loop test methodology, Adaptive
Accelerated Aging (AAA), that effectively accelerates the degradation in a device as well
as circuit.

In addition to the effect of BTI, other aging mechanisms, especially HCI and time
dependent dielectric breakdown (TDDB), exist together and may be correlated due to
reliability physics and circuit operation conditions, making an accurate prediction even
more difficult. For instance, the co-existence of PBTI and HCI in HKMG devices requires
careful decomposition and physical modeling. Figure 3.1 shows the effect of HCI is

significant at room temperature and increases dramatically with higher stress voltage; as
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Figure 3.1 Both HCI and BTI occur when a NMOS device is biased in a diode
connection (i.e., Vgs = Vags). An appropriate temperature is selected to decompose HCI
and BTI: (left) the room temperature is applied first such that the degradation is
dominated by HCI; (right) then a much higher temperature is applied and thus, aging of
the 28nm HKMG device is primarily induced by PBTI. The combination of these testes

helps separate BTI and HCI, and calibrate corresponding models.

temperature increases, the total degradation is larger, while the contribution of HCI
becomes secondary to that of PBTI. Therefore, the relative importance of PBTI and HCI
depends on both the drain voltage and the stress temperature. The complexity in these
physical behaviors demands an effective and controllable test method to measure the actual
degradation to EOL, yet without the burden of long measurement time as in conventional
methods used currently.

This capability of stressing a device to EOL will offer direct and complete validation
of the individual and coupled aging mechanisms. The impact of aging also needs to be
studied at circuit level to validate the device model and make it useful for large-scale

designs, including both the stress and the recovery phases under dynamic system operations

17
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[9]. A closed-loop test structure, instead of the open-loop one used in conventional aging
test is configured; by adaptively tuning the gain of the feedback loop, this method is able
to stress the device to EOL within one hour, offering a fast and convenient method to

validate the entire aging process.

3.1.1. Compact model for feedback loops

Reliability analysis for complex gates and circuits presents a unique challenge
while predicting the aging degradation using the existing compact models. Various
configurations of devices may have stress conditions that cause accelerated aging due to
presence of feedback loops. The devices in that case may degrade more than what is
predicted and lead to early failure or incorrect behavior and are missed in the standard
model analysis. For example, in case of stacked NMOS, with different voltage on each
gate, the intermediate node’s voltage decreases over time thus causing the Vgs drop of the
transistor to increase. This causes increased HCI than predicted by a compact model
assuming the initial Vgs as the stress condition as shown in Fig 3.8. Another type of
commonly occurring structure is a diode connected device with fixed current. In this case,
as the device degrades but the constant current requirement forces Vg to increase, the stress
condition becomes more stringent and accelerates aging. Similar configurations exist in
complex circuits like comparators, dynamic circuits, level shifters etc. with stacked NMOS
with gates biased at different voltages. Other cases like digital circuits with PLL feedback
where the period is adjusted to maintain the original frequency thus increasing the stress
condition and increasing aging. In case of a clock buffer, as the buffers in the tree degrade,

the clock needs to be made slower thus increasing the time of stress.
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Thus, these cases need special treatment when it comes to aging prediction.
Traditionally, analysis is performed in small time steps in multiple iterations with each
iteration having updated stress condition. Though this analysis is accurate it is extremely
time and computation consuming. So the development of a closed form compact model is
proposed to be able to predict this accelerated aging behavior in a fast an accurate manner
i.e. model bias runaway for HCI. Basically even before runaway happens, the degradation

rate increases above the base line, and can model this behavior.

1401 [—a—Aging due to BTI+HCI
Il Aging due to HCI
1207 | Aging due to BTI

100 /

Vx(mV)

0 10 20 30 40 50 60
Time (Ks)

Figure 3.2 Comparison of aging due to BTl and HCI individually and combined

35 T T T —
30
25

20 F4

15

delta_Vth

10

" TN 2T/N 3T/N 4TIN
Time

Figure 3.3 Graph showing pictorially the approach for derivation
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3.1.1.1. Feedback loop model

To develop a compact model, let us look at a feedback loop case. The voltage at X
in Fig 3.2 needs to be calculated as a function of initial bias voltage, time and temperature

of stress. For a fixed bias current, the aging effects of HCI and BT are:
BTI: AV (t + At) = f(Vgs(t) = Ven (), AL) ()
HCI: AV (¢ + At) = f(Vgs(t) — Ven (8), (Vas(0), At) (8)

To maintain constant current, V,s(t) — V,,(t) is constant so the HCI term leads to

the runaway behavior. Now assuming the total stress time is divided in to N intervals.

Vds n
Define F, = ke 8 so that AV, = F, (%) is when a device is stressed for time a small

interval of time T/N. AV, = Fy(T)"is the baseline curve. Then in the next interval, Vth

shift is:

R (R) (14 a3 () )i =R (5) (1+45) ®
and so ontill: Fy, = Fy ()" (1 + &%) which can also be written as:

Fe=o () (14 e - 0" (B + @ 0= 0" (7)) (1)

Looking at Nth interval (k=N) and simplifying:

o= {14 (5 e (2 ()R- @ B ) ey

where C = £F, On taking the limit N-> inf and simplifying, CT" <1 so it is convergent
B

infinite sum of geometric series

Fy = Fo(T)" |—] (12)

1-CT"
Therefore the shift in Vth is given by:
20



AVien AVip
Vihg B (13)
1-pAVing 19192

AVth =

It can be rewritten in terms of loop gains as: %AVthB = g,9, Where g; = % =a; g, =

JdAVth
avds

= AV, f (technology length)

Loop gain A=g.g,
Condition for
runaway: A>1

7 N

ov

— bias

| 9= 2Av,
Vias increase due
to feedback

DAV,
9, = — "
oV,

Vi, increase due
to aging

INPUTS:
VbiasO

Vstress

Temp
Vth_baseline

Figure 3.4 Physical formalism of bias runaway: A feedback loop accelerates the process

Diode AVth= BAVthp
1-(a(g192))
connected
65nm L AVthg
1
1—(a(1+ VdSO)AVthB)
28nm P AVthg
1
1—-(a(1+ VdSO)AVthB)
14nm L AVthg
Vdsg
1—(a, <e @2 AVthg ln(a3AVthBVdso)))

of aging.
Table 3.1 Compact form of accelerated aging equations
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3.1.1.2. Model Verification

The compact mode in Equation 13 can be used across technology nodes with proper

calibration of g and g as seen in Table 3.1. To validate this model, measurements have

been performed for 16nm finfet NMOS, 28nm HKMG NMOS and 65nm NMOS devices.

The devices were first calibrated for HCI behavior as seen in Fig 3.5. In order to calibrate

the devices and find g1 and g, sensitivities of Vuias(Vx) and Vi are plotted. For g1, the

804 144 |—1.11
Calculation of AVth/1.8 —1.21
= Vds0=0.8V R 12d |—1.35 g
60 - = Vds0=0.9V
Vds0=1V 1o
i . |
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% y A gI 08
> A Low Vds 1% ., -
20+ e a=l=glie. ] .
/_/- Vds=Const * AVth | High Vds )
J 0.44 o =In(Vds * AV,,)e"@ =gl i.e. .
0+ s Vds=AV,,In(AV,,Vds) * f (Vds)
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A delta_Vg
400 T T T T
3504 _ AVth_ 1
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Figure 3.5 The graphs showing sensitivity of bias point for g1 and g2 calculation.

sensitivity of the bias point to AV IS needed. By measuring the voltage at Vpias While

changing the Vg this can be tested. In case of a low initial bias voltage, the relation is linear.

To maintain the same lgs, Vs increases by same amount as Vgs-Vin degrades due to aging.
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When the bias voltage is high, this relation becomes non-linear as seen in Fig 3.5. Therefore
calibration of g1 should be done for a device at its operating condition for using this model.
g2 relation on the other hand is determined by the aging model used as sensitivity of AV
to stress Vgs. Post calibration, for the simulation of feedback loop iterations were performed
for every 2% of lgs degradation. Thus the time-steps are initially small but increase with
stress time.

| observe in Fig 3.7 that due to the feedback, the bias voltage increases at an

accelerated rate as compared to device stressed without connecting Vg and Vg for all three

0.5 T T T T T T T T
16nm V0=1.7V
—— 65nm
28nm
o Measurement

0.4

0.3 1

)

V0=1.39V
0.2

V0=5.06V

delta_Vth

0.1 1

0.0

T T T T T T T T T T T
0 200 400 600 800 1000

Figure 3.6 Runaway behavéas)correctly predicted by model
technology nodes measured. This degradation increases with initial bias Vbpiss finally
leading to run-away when A>1 as seen in Fig 3.6. Once behavior of g1 and g2 is determined,
the compact equation can predict the degradation under feedback accurately. This equation
can also determine the time of runaway based on stress conditions as shown in Fig. 3.6.
The nodes in a circuit that are prone to bias runaway can be identified and this model used

as Verilog-A block for the effected devices in order to study its impact on circuit.
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Figure 3.7 HCI calibration (left) and accelerated aging behavior (right)

measured for 3 technology nodes.

3.1.2. Accelerated aging for circuits
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Figure 3.8 (left) Diode connected configuration showing accelerated aging.

(right) stacked NMOS accelerated aging
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Figure 3.9 Circuit simulation showing accelerated aging in constant bias current

configuration at 16nm technology node.

Simulations have been performed for various circuits [1] to determine the impact
of feedback loops on their functioning. The usefulness of the compact model in terms of
accuracy and speedup in computation time is validated in table 3.2. The circuits that were
considered are bias generation circuits seen in AMS designs (Fig 3.8, fig 3.9), dynamic
gate with stacked inverters (Fig 3.8) and ring oscillator (RO) to represent a digital circuit
under DVFS feedback. Circuit | is the bias generation circuit as shown in Table Il has a
diode connected NMOS. This device creates the feedback loop which accelerates aging.
The failure condition for this circuit is considered as 10% decrease in the bias voltage
supplied at the output. Similarly in the stacked NMOS for circuit 11, the intermediate node
x has accelerated voltage decrease. A smaller Vx causes the Vgs of the transistor to increase
over time thus causing increased HCI than predicted by a compact model assuming
constant initial Vgs as the stress condition. The failure condition here is considered as 20%
increase in the propagation delay. In circuit 111, the frequency of RO decreases with time.

The supply voltage VDD is increased to compensate for this decrease. But the increased
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stress voltage causes higher degradation thus driving the RO into a feedback loop which
accelerates aging. The failure condition here is considered as a 10% decrease in the initial
frequency of operation.

If just traditional aging models for all the devices in these circuits is considered, the
time to failure (TTF) is ~2X higher than the actual TTF seen in the iterative simulations.
On the other hand performing iterative simulations for the circuits increases the
computation time ~30X times. Table Il shows that the compact model formulation is able
to predict the TTF accurately for computation time same as traditional model as it does not
require any iterations.

Table 3.2 Comparison of I. traditional, I1. Iterative and I11. Compact models

VDD VDD
-
Vo
Vo vi—
VX
VSs o
TTF(KS)
I 180 140 216
1 64 99 84
Il 64.8 95 82
Computation time(s)
I 1.39 3.03 2.25
I 41.7 62 67.5
Il 2.12 3.22 2.96
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3.2. Adaptive Accelerated Aging: Devices

method of Adaptive Accelerated Aging (AAA) was devised to speed up the degradation of
the devices-under-test (DUTS) in a controlled manner, in order to rapidly characterize the
entire aging process until the end of their life. Similar as other works, EOL or device failure
is defined by gate dielectric breakdown leading to sudden jump in gate current [9]. In
addition to accelerating aging, another intention of AAA is its adaptability to the response

of individual devices, i.e., a weaker device with higher level of defects will fail faster while

400 4

Figure 3.10 Bias runaway occurs at 65nm due to HCI, when the loop gain>1 (left); but

at low temperature, it requires a very high bias voltage which reduces the controllability

Based on the phenomenon of accelerated aging under positive feedback, a new

bias ]

VgS: 5.08V

4.87V
4.68V
26°C
= 65nm SiO, data (L=600nm) —— Model
o 2 4 6 8 10

Time (ks)

105°C

28nm HKMG data (L=30nm)
Model

1.1V

10 20 30 40
Time (ks)

of the experiment. In 28nm HKMG (right), such runaway is not observed in the same

a better device will degrade less or might not even get damaged during the stress test.

Detailed description and formalism of the proposed method is presented in the following

diode structure, due to the dominance of gradual BTI at high temperature.

sub-sections.
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3.2.1. Derivation of compact model

From section 3.1.1.1,

Vgs@®)—-Vep (D)

BTI: AVi(t + At) = AV (t) + [Vys(t) — Ven(t) e EoTox  (AAL™)

avgs __ 0AVth

Where 91 = dAVth a; 92 = avgs

= 0. Thus g,g,=0 and this is a stable system. The

feedback loop is modified to ensure that Vg(tn) = VQ(ta1) + o AVpp(ta1) St Vys(tn) —

Vin (tn)= (a-1) AV (th-1) Where o is a constant. This stress voltage increment is done when

Id drops by x% of its present value. Now for a time duration At at the end of time t,

Vgs®-Vep (D)

BTI: AV (t + At) = AV (t) + Jl{gs(t) —Vi(t) e  EoTox  (K'At™) (14)

Assume that the total stress time T is divided into N intervals and look at behavior of the

Vgso—Vtho)
feedback loop in each interval. Define Fo = k'\/Vyg0 — Vipge EoTox so that F; =

n
AVthO = F, (%) when a device is initially stressed for time a small interval of time T/N.

AVthB = F,(T)"is the baseline curve as before. Then in the next interval, Vth shift is:

(V gso+@AVthO—V o —AVthO)

n
Fy = k'\[Vgso + QAVERO — Vg — AVERD e EoTox (WT)

(V gso—V¢ho+(@—1)AVtho)

n
=k'\[Vgso — Veno + (@ — DAVERO e EoTox (%) (15)

Expanding using Taylor series:

1
x+y)z=vx+ % + --- (higher powers of y ignorable)

(Vgso—Veno) ((a=1)AVtho) (Vgso—Veno)
- EoTox (2T\" .7 EoTox “EoTox n  ((a—1)AVtho)
Fy = ko Venoe FTor () e RTe i 1) AV eR0 St (E) e EoTox
2 VgsO_VthO N
(Vgso—Viho)

2T\ ((a—1)F1) e

=|— EoTox ! —_ e S —

( ) e EoTox [Fy + k'(a —1)CF;] whereC N
28

EoTox




expanding the exponent and ignoring higher powers
F, = (’%) (FO + (a— 1) 2= 24 k' (@ = 1DCF- 1)

Looking at Nth interval (k=N) and simplifying:

N-1

Fy = B {1+ (5 D174 (B0 (22) 0rmy2 4+

B (52 (5 - @) B or] ®

where D = (a — 1){ + K c} On taking the limit N-> inf Fy = Fo(T)"{1 + DT" +

OOX

(DT™)? + (DT™)3 ...} which can be simplified as DT™ <1 so it is convergent infinite sum

of geometric series:

Fy = Fo(T)" [1 DT”]

Therefore the shift in Vth is given by

AVth AVth AVth
AVth = v = B = 517
Vgso—Vtno) 1 ( . 1 1—
—g—Lho- a-1) AVthg 9192
(a-1)) Fyo ;e EoTox EOTox 2(Vgso—Vtho)
1 i AVthg
Fo lEOTox ZJVQSO_VthO
It can be rewritten in terms of loop gains as:
Vgso—Vtho)
ovgs 0AVth  AVthg | F , e EoTox
91 = 5aven = %0 927 Gygs Fo | EoTox +k 2,/Vgso—Vtho (18)

1
2 (Vgso —Vtho)

Thus, g19,= a{E ; + }AVthB > 1 as per requirement.
0lox

In order to determine the value of x by which to reduce lgs for test, consider I; =

%(Vgs(t) — Ven(£))?. With aging: I = ( AVth) =(1- X) > (Vgs — Ven)?.

gs _ 1 _ =a
oavth 1 —vicx 917

Simplifying: Vs — Vi, = — \/—AVth and taking derivative,
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Thus for discrete steps the decrease of [; that prompts increase in Vgs by an

amount aAVth is xzzgl

3.2.2. Test Methodology

The essential idea of AAA s to stress the device in a closed-loop fashion, and adaptively
control the loop gain through the feedback. For example, a device stressed in a diode
connection (i.e., gate and drain connected) with a constant bias current (lpias) contains a
feedback loop, as shown in Fig. 3.10 (left) [15]. The corresponding voltage at the gate node
is Vbias. While the aging effect under constant stress voltage is usually a gradual process,
the degradation rate in such a closed-loop structure is significantly elevated [9]. The DUT
may even experience bias runaway, due to the positive feedback between gradual HCI
degradation and constant bias control for 65nm technology. As the device degrades
continuously under HCI, the threshold voltage V increases; meanwhile since the device
needs to maintain a constant Ipias, bias voltage Vyias is forced to increase; the higher value
of Vias in turn accelerates the stress under HCI. When the initial Vyias is high enough, the
loop gain is larger than one and thus, the device enters the positive feedback region and
rapidly fails. Bias runaway that happens in this 65nm diode structure inspires the proposed
AAA method to speed up the degradation. However, a direct employment of the diode
structure to 28nm HKMG fails to trigger bias runaway, as observed in Fig. 3.10 (right). In
a HKMG NMOS device at high temperature, PBTI is the dominant factor, not HCI (Fig.
3.1) [17]. Compared to HCI, BTI is much more gradual, especially in the long term.
Therefore, the loop gain is always smaller than one in the diode connection, and the device
never enters the instable region to trigger the runaway [5]. To overcome this issue, Fig.
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3.11 further examines the loop gain and proposes the adaptive scheme. In the diode
connection, the loop gain (A) has two components, as shown in Fig. 3.11: the first term is
the gain in the aging physics (i.e., the degradation rate as a function of the bias), and the
second term is the gain in the circuit topology (i.e., the change of Vpias to maintain Ipiss). At
65nm, the second term is passive while the first term is significant due to the strong
dependence of HCI on Vbias; at 28nm, however, BTI has a much weaker dependence on
Vs and thus, A does not exceed one in this passive connection. By recognizing such
limitation of BTI, the solution of AAA is to proactively adjust the second term, the gain of
Vbias 10 Ivias IN the modified feedback loop (i.e., AVst/Algs as in Fig. 3.11), in order to force

the device to enter the runaway region, even under the moderate BTI.

Loop Gain (A): . | — 28nm Mode|
" | L=30nm, 105°C
alds AVst
(av ¢ ) . (Ald ) < 5]
Sress” aging : £ Positive Feedback
iy (runaway
lee ™ @ I . ¥)
____________ o 14+ — - = - - - - - - - - - =
- (or g :
AVin) - ] r
] |_<--- - o4 - 1.1V
AV 0.8V
Vstress= o0 05 10 15 20
v Vstress* AVt ﬂvstfﬂvth

Figure 3.11 The proposed acceleration scheme actively tunes the stress voltage in order
to drive the DUT into the region of the positive feedback (A>1), even under the gradual
BTI effect.

In practice, continuously monitor the degradation of lgs (Alas). When the change
exceeds a threshold (n%), the stress voltage will be adaptively increased by AVs:. Note that
the gain AV«/Algs here in AAA is controlled by the test scheme rather than the circuit
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topology only, as in the diode connection (Fig. 3.10). By replacing the constant bias current
in the diode structure with the adaptive shift and selecting appropriate AVst/Algs, tune the
loop gain A to be either < 1 or > 1, to set the DUT in the negative feedback or positive
feedback, respectively. Figure 3.11 (right) confirms the AAA method with 28nm
simulations: when AVs/Algs is large enough, this closed-loop feedback structure enables
runaway and speeds up the aging process. A higher initial value of the stress voltage (Vstress)

further helps drive the DUT into runaway with a smaller AVst/AldSs.

3.2.3. Test procedure

Figure 3.12 summarizes the test procedure of AAA at the device level. For a
discrete device, the shift of its drain current or the shift of threshold voltage (Algs or AV,
respectively) is used to monitor the aging process, while the gate current (lg) is sampled at
the same time to evaluate the progress of gate dielectric breakdown. If the increase of Iq
(Alg) does not exceed a threshold, i.e., Itil, then the stress continues; otherwise, the end of
life of DUTSs is reached.

During the stress period, the change of lgs (or Vi) is the index of the degradation
rate. When its amount of change is more than a given percentage, 1%, the adjustment of
the stress condition is activated. Different from a conventional stress test with constant
conditions, the feedback in AAA is designed towards a positive loop in order to accelerate
the degradation: the more degradation that happens, the higher the stress voltage is tuned
to be. The exact gain at this step is controlled by the gain of AVs/Algs, as shown in Fig.
3.11. Moreover, such a feedback implies an adaptation to the intrinsic quality of a DUT: a

weaker DUT will degrade faster and thus, experiences more frequent increase of the stress
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voltage, while a DUT with higher quality will have much fewer voltage adjustment during
the test period. Therefore, for the same initial test condition and the same test period, a
weaker DUT will end up with a much faster degradation. This behavior well serves the
purpose to speed up the aging while protecting the strong DUT. Note in AAA, the stress
voltage is used as the adaptive variable because of its faster tuning rate in the test, rather

than the slower change of the stress temperature.

v
Vstress Increase

:r\l/ Sample lgs /I\':
Fresh and |g Vstress by

AVs;

Figure 3.12 The procedure of AAA, in which the shift of lgs (or Vi) is used as the
monitor to adaptively increase Vsiess. This iterative methodology can be performed till the
end of life, such as dielectric breakdown.

Overall, the acceleration rate in AAA is controlled by the initial stress condition,
the threshold of Alds (n%) to trigger the increase of Vstress, the sensitivity of Vstress to such

change AVs/Algs), and most importantly, the specific aging mechanism.

3.2.4. Silicon Results

The proposed AAA method is applied to 28nm HKMG devices, with the minimum

gate length of 30nm. First, compact models of HCI and BT]1 for discrete NMOS devices
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are calibrated at various stress voltages and temperatures, and decomposed as shown in
Fig. 3.1 [4]. Then the AAA flow in Fig. 3.12 is conducted on multiple devices. While the
end of life is defined by TDDB (e.g. lg increased to a value Isail), track both changes of lgs
(or Vi) and lg, and explore the correlation between BTl and TDDB. When Igs is n% lower
than the value in previous measurement, the stress voltage, Vsiess, Will be adaptively
increased by AVs. This loop is executed till EOL is achieved, e.g. lg is more than 100X
than the fresh value. Figure 3.13 presents the test results of four NMOS devices at 28nm
HKMG, all with the same width and length. They start from the same stress condition and
Vs is constant. For three of them, AAA is applied; for the fourth one, Vstress is kept constant
at 1.1V, as the control DUT to provide a baseline of degradation.

As indicated in Fig. 3.11, the positive feedback can be triggered if AVsy/Algs IS
carefully selected and thus, the loop gain A is more than 1, even though the gain in BTI
(Alds/AVstress)aging 1S moderate. In this experiment, Algs is set as 3.2% (n=3.2), i.e., when lgs
is shifted by 3.2%, the gate voltage, Vstress, is added by AVs; the device is then stressed at
this new Vstress until lgs degrades by another 3.2% or TDDB happens, as described in Fig.
3.12. For these three identical DUTS, various amounts of AV are tested to validate the
approach and prediction by the aging model. When AVs is small (e.g. 200mV), the device
only experiences a mild elevation of the degradation rate, compared to that under constant
stress. Yet when AV is large enough (e.g. 400mV in this case), the runaway behavior is
activated, because the loop gain is significantly larger than 1 now. As a consequence of the
positive feedback, the DUT rapidly degrades and eventually has a gate breakdown. Note
that the moments of large lgs change and Iq change are synchronized in Fig. 3.13, indicating
that the discrete failures in the HK dielectric may be caused by the same trapped charges
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affect the trapping/detrapping behavior of PBTI [14]. For both gradual degradation
runaway, aging models of HCI and PBTI extracted from short-term measurement (Fig.

well predict the shift through the entire process.
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Figure 3.13 The implementation of adaptive accelerated aging at 28nm HKMG

devices (L=30nm, Vg4s=0.9V). BTI and TDDB are coupled during AAA, and match the

model prediction. Vi (extracted from lgs) and Ig are monitored simultaneously, as

presented by the left and right figures, respectively. The bottom figure shows comparison

with compact model.

Therefore, the AAA method provides an effective approach to calibrate aging

models to EOL, using a short time period of experiments. Based on the validated model,

Fig.

3.14 further explores the design space of AAA. In order to induce the runaway
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behavior earlier and faster, a larger gain of (AVs/Algs) is preferred, which requires a small

Algs and a large AVt For instance, if the target is to
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Figure 3.14 An appropriate selection of AVs and Algs is able to induce failure of
dielectric breakdown (BD) within one hour, driving the DUT to its EOL

drive TDDB to occur within one hour, Algs should be 1.6% and AVs to be 200mV. As
shown in Fig.3.13, Vstress is still within 3V when TDDB happens, which is practical for the
stress test. Simulation results as shown in Fig.3.14 help design the experiment, depending

on the target time duration.

3.3. Adaptive Accelerated Aging: Digital circuits

Extensive works have been performed on physical aging models at the device level
[5, 20]. These device models need to be propagated to the circuit level, helping manage
system failure due to aging. However, aging analysis in digital circuits faces many
additional challenges, such as process/voltage/temperature variations and dynamic

workloads [19, 20]. These process and environmental uncertainties significantly affect the
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aging behavior for circuits, especially the recovery phase in BTI [18]. Even though there
are benchmark programs to estimate the average switching activity and long-term
degradation models have been developed based on them [5], a direct and efficient
measurement towards EOL is still preferred at the circuit level, such that the quality of
aging analysis tools can be justified. This section extends AAA to the circuit level, using
the ring oscillator (RO) as the test case for demonstration.

At 28nm and below, BTI is the dominant effect in digital circuits. BTI degradation
recovers after removal of stress due to de-trapping and interface trap passivation [21]. HCI
on the other hand does not undergo any noticeable recovery effect. In dynamic circuit
operation, these effects work together, HCI during the transition and BTI during the
constant stress in the cycle. This leads to speedy degradation. For a ring oscillator, use its
oscillation frequency (F) to evaluate the performance. The shift of F (AF) is the index of
aging, similar as Alds for device aging. As shown in Fig. 3.15, the mixture of BTl and HCI
has different impact on RO frequency and duty cycle of the switching waveform, during
static (DC) and dynamic (AC) stress. Under the static condition, duty cycle is affected
asymmetrically (i.e., asymmetric aging) because different switching edge suffers from
different amount of degradation. For dynamic stress, duty cycle is not affected.

To simplify the monitoring of aging, apply dynamic stress in AAA to the RO. In
this case, AF is the single parameter to assess the degradation rate. As AF increases, a

digital design may develop multiple paths that fail timing checks, logic correctness, etc.
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which are required by design specification. For demonstration in this study, use AF > 40%

as an empirical value to represent end of life in RO simulation under AAA.

Static (DC)
VDD Stress:
NBTI/PBTI on
—I— alternative
AAA based block stages, but the
same edge

When Freq decreases by n% VDD — —
increases by Ve —/_\_ \_/__[7_\_ \_/_
ID_ NBTI with Dynamic (AC)
Regaveny stress:

[ Degradation on
I | PBTI with — both edges

S W/ W W

Figure 3.15 PBTI and NBTI jointly affect the degradation of a ring oscillator,

while HCI is marginal. The impact on duty cycle is different between DC stress and AC

stress. So Verilog-A blocks are added to model their impact.

The AAA method is demonstrated on the ROs using SPICE simulation. The aging
models are introduced to each device with a Verilog-A module to model Vi shift under
multiple aging mechanisms, such as HCI and BTI [4, 22]. The overall flow of AAA on
ROs is similar as that in Fig. 3.15. The main difference include: (1) the index of aging is
RO frequency, not Igs or Vi, at the device level. Once AF is more than a designed value,
n%, the stress voltage will be increased; (2) Voo is the only voltage to stress the dynamic
operation of ROs. Vpp goes up by AVs in each iteration loop. By choosing an appropriate
ratio of (AVs/AF), the goal is to trigger the positive feedback of RO, such that the

degradation towards EOL can happen rapidly.
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Figure 3.16 presents the simulation results of AAA on 28nm ROs. Depending on the
combinations of AVt and AF, the degradation of RO frequency can be gradual or runaway.
A larger AVy (i.e., the step size of stress voltage increase) and a smaller AF (i.e., the
threshold to activate VDD increase) are preferred to induce the runaway behavior. Note
that under the same ratio of (AVs/AF), such as 100mV/1.6% and 200mV/3.2% in Fig. 3.10,
asmaller AF triggers the increase of Vpp more frequently and thus, runaway happens faster.
Finally Table 3.2 summarizes the time to reach EOL in the RO. It is feasible to apply AAA
to a digital circuit and drive the circuit into rapid degradation within one hour. This is

consistent with experimental results at the device level, and confirms the efficacy of AAA

for fast and complete aging test.

1 Values: (AVst, n%)
- 0,
1009 1 00mv, 1.6%T200mV. 3.2%) (100”"\./’ 3.2%)

S 80- (50mV, 1.6%)
(=)
g |
2 60-
(O]
g |
D 404-- B/ A
L | (25mV, 1.6%)
< 204

] Constant stress

04 &

o 1 2 3 4 5 6 7 8
Figure 3.16 AAA on RO freapigiey (gl ¥qrious AVs and 77%. The runaway

behavior is possible by selecting appropriate feedback control. In these simulations, an

11-stage 28nm RO is stressed under 105°C. Vpp = 0.9V.
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Vst (mV)

Time to EOL
(seconds) 25 50 100 200
1.6% 36360 12600 3620 1300
n%
3.2% 172800 75600 23040 7200
for AF
4.8% 450000 158400 57960 22320

Table 3.2 Summary of the time to EOL for an 11-stage RO at 28nm. The shadowed region

represents that EOL is reached in about one hour.
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CHAPTER 4.Aging in VLSI- SyRA

4.1. Framework for SyRA-X

Determining aging and End of Lifetime (EOL) for VVLSI circuits can be a slow and
cumbersome process. A simple extrapolation of aging results, under statistical variations
and other uncertainties, may cause large errors in EOL prediction and over-margining. This
section provides a fast and effective simulation solution to determine guard band against
aging in a design. Here, an improved version of System Reliability Analyzer (SyRA),
SyRA-X is presented, to provide: (1) circuit aging calculation which is reliable under
various switching activities at each node, (2) device, gate, and path level analysis of aging
with dynamic inputs, and (3) verification of SyRA-X with a minimum guard band to give
prediction over 99% accuracy.

The efficiency and accuracy of path delay degradation are increasingly important
as design size keeps scaling up and delay margins become tighter [23]. If the design does
not account for aging within a realistic margin, it may not function correctly for its designed
lifetime. Yet such needs are not sufficiently managed by existing PDK models. Fig. 1.4
illustrates the reliability analysis at 28nm high-K metal-gate (HKMG) with SPICE, which
is inefficient for large-scale digital design. As the scale and the complexity of VLSI design
increase, the time taken to calculate aging increases linearly. Additionally, the physics of
recovery in BT1 is not well described by existing models in the PDK, causing a significant
overestimation of path delay degradation (ATg), as shown in Fig. 1.4. In design practice,
such erroneous aging prediction may lead to inappropriate optimization and tradeoffs

among performance, power and reliability.
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To provide an effective simulation solution, previous work, System Reliability
Analyzer (SyRA), was implemented to integrate device aging models, standard gate
library, large-scale static timing analysis and the management of switching activity (o),
where . is defined as the average portion in a clock cycle when a signal stays ‘on’ (Fig.
4.1) [24]. 1t consists of running the design benchmark to determine a at each node, based
on which AV, of the gates are calculated. Using standard cell library at two different VDD,
the delay due to change in VDD (ATd,VDD) is determined, which is used in Eq. 14 to
generate the overall shift in delay caused by aging.

One of the shortcomings of SyRA is the estimation of a. During realistic circuit
operations, a is an application-dependent variable and therefore, an empirical value,
generated from specific design benchmarks, is neither accurate nor efficient. Therefore,
SyRA-Xis developed as an improvement over SyRA. The aforementioned model proposes
to use a fixed switching activity in ATd prediction, instead of a dynamic o.. This will reduce
the runtime substantially without compromising the aging results for the design. SyRA-X
method is possible because of the co-existence of PBTI plus HCI and NBTI in NMOS and
PMQOS, respectively, in this 28nm HKMG technology, as explained in next section. The

efficacy of SyRA-X is fully validated in a 28nm design.
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Figure 4.1 SyRA-X removes the estimation and propagation of switching activities
in SyRA, which requires empirical benchmarking of the activity and logic analysis

through the netlist.
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Figure 4.2 . At the device level, SyRA calibrates static models with 28nm PDK,
including NBTI (left) and PBTI and HCI (right). Additional calibration is needed for

dynamic aging models.
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SyRA-X flow begins with Static Timing Analysis (STA) which generates a fresh
timing report without aging with timing information for all gates in the design. Unlike
SyRA, where a is calculated for each node, a value of a=0.5 is assigned to all nodes for
dynamic stress; node voltage is assigned in case of static stress. The clock transition time
is used to compute the HCI contribution to aging. AVth is calculated for the gates using
long term NBTI, PBTI and HCI models. Furthermore, the gate delay shift ATd,VDD due
to change in supply voltage VDD is calculated either directly from the standard cell library
characterized at two closely spaced VDD values or using SPICE simulation. Eventually,

the shift in delay ATd,Vth caused by change in AVth due to aging can be computed as

My, = = (520) (ora?) AVen (14

Vin

Long term RD models are used to calculate AVth [24]. For complex gates, AVth is
calculated by considering the weightage of switching gates and number of gates traversed
from input to output. Also, based on the Td,VDD Vs VDD graph, slope from a relatively

linear region should be chosen.

23 —0— T=1050C —u— T=260C .50
-4.0
-3.0{12|
0
F2.0 C
-1.0
08 09 10 11 12
Vs (V)
Figure 4.3 At the gate level, the sensitivity analysis converts Tq dependence on
Vob to Vin [5].
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4.2. Model Calibration and Simulation

Fig. 4.1 presents the simulation flow with SyRA-X. The cornerstones are device
aging models, an aging-aware library and the integration with static timing analyzer, while
using a constant switching activity for critical path analysis. At the device level, SyRA-X
leverages static aging models provided by the 28nm PDK. The calibration includes voltage,
temperature and time dependence for NBTI, PBTI and HCI, as shown in Fig. 4.2.
Additional parameters in the recovery phase are extracted from dynamic aging data, as the
existing PDK is relatively insensitive to the recovery time (Fig. 1.4). To include aging
effects into the standard gate library without resorting to expensive library characterization
or silicon test, SyRA-X exploits the sensitivity analysis, based on the assumption that the
shift of Vin (AVw) and gate delay is still much smaller than their nominal values [24, 5].
Fig. 4.3 presents the calculation of ATq as a function of Vi, shift and the sensitivity of Tq

to Vpp, which can be obtained from an existing library for NAND2.

The device AV model and standard cell library, providing Tq¢ with changing supply
voltage, readily generate two of the essential factors for predicting gate delay shift in a
VLSI design. On the other hand, the dynamic switching activity complicates the calculation
due to the mixture of stress and recovery [5, 23, 24]. If only NBTI exists, the impact of a
on Td is monotonic, as observed in Fig. 4.4; but with contribution of PBTI, the effect of a
at the input node of each gate is more uniform and can be estimated for worst case in order

to get an accurate prediction [5, 24].
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Figure 4.4 Examples of gate delay shift: D-FF (top), NAND and NOR (bottom).
Due to the co-existence of NBTI and PBTI in 28nm HKMG, the peak of ATq is around
o=0.5

For gates like NAND and NOR, SyRA model with its account for recovery, shows much
less variation in ATd as compared to the existing PDK model. Even for complex gate like
D-flip-flop, the decomposition of NBTI and PBTI as calculated with SyRA shows an
averaging effect. However with both NBTI and PBTI occurring together at 28nm HKMG,
their interaction leads to the peak degradation at a~0.5 in various circuits. The effect of a
becomes insignificant when this analysis is carried out for a number of timing path as
shown in Fig 4.5. Note that for a specific node, only its long-term average of a is needed

for aging analysis [23].
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Figure 4.5 For one switching node, an average o is sufficient to predict long-term aging.

The aforementioned observation is the physical basis of SyRA-X: It is proposed to
apply a=0.5 to input nodes of all gates, without acquiring o at numerous primary path
inputs and then propagating them to each gate on the path as was done in SyRA. Depending
on the relative strength of PBTI and NBTI, as well as the path structure, an extra guard
band (n) is added for safe prediction of EOL (Fig. 4.6). This guard band can be adjusted
according to the required design specification at any stage of designing order to avoid over

or under optimization.

0.7 0.3 0.7 0.3

B Jo] Do -

1 1 1

SyRA: o of each path input is estimated from design benchmarks and then propagated to each
gate on the path.

0.5 0.5 0.5 0.5
e e

SyRA-X: a of each gate at 0.5. Then a guardband (n) is added to the path delay:

Figure 4.6 SyRA-X simplifies the calculation of « for each gate, using 0.5 to approximate
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The full SyRA-X is implemented into a realistic 28nm design. The timing analysis
is performed with a commercial tool at the gate level [25]. The guard band is empirically
determined by sampling 1038 paths. Fig. 4.7 presents the result: with a small margin of
2.3%, SyRA-X achieves 99% accuracy in ATq prediction, compared to SyRA with random
input a’s; only 4 paths have the underestimation of AT4. More comprehensive evaluation
is summarized in Table 4. Based on required accuracy in delay shift, a value of guard band
can be chosen for the design. Indeed, since ATd peaks around a=0.5 at the gate level (Fig.
4.4), a small ) is sufficient to improve the accuracy. Even though negative prediction error
happens (Table 4), indicating an underestimation of aging, the error is still much smaller
than other design margins in practice. Benefiting from the efficiency of parallel timing
analysis at the gate level, SyRA-X only needs <1 minute to predict path delay shift (Fig.
1.4). As a comparison, SyRA needs more than 3 minutes to generate switching activities

at each node using a benchmark.

—— Fresh timing

—— Aging under dynamic activity
(1.1v, 105°C)

S 1.24{ —— SyRA-X prediction

E’ —“ (n=2.3%, 99% accuracy)
e 1.20- %
=
% 1.16 - S
= T— -
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1.08 - \——
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Figure 4.7 SyRA-X well predicts Tq change in 10 years. There are totally 1038 paths
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ATqAccuracy [90%  [95%  [99%  [99.5%
Guardbandn [0.02% [12% [23% [2.8%
28nm b 3 e |7
design

#ofGates |40 |42 |52 |45 |55 |49 |50
Error (%) -0.23 [-0.95[0.45 [0.22 [0.10 [0.29 |-0.74

Table 4 The evaluation of SyRA-X: (top) SyRA-X is a safe and tight prediction of ATg;

(bottom) the maximum error in the prediction of critical path ATq compared to full SyRA

with random input switching activities.
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Chapter 5 Summary and Future Work

This work presents a new way to model the observed degradation of devices due to

aging under multiple aging mechanisms like BTI, HCI and TDDB. It provides realistic

compact models to predict aging at device as well as circuit level to help model aging and

generate fast and efficient delay margins for designing large integrated circuits.

Chapter 1 introduces the aging models and highlights the necessity and motivation
behind developing this work

Chapter 2 investigates stochastic BTI and TDDB and proposes a new model for the
observed correlation. Silicon data at 28nm confirms the coincidence of Iq jump and
sudden Vi shift. This effect may significantly reduce the lifetime of circuits,
demanding more careful evaluation and management.

Chapter 3 proposes a compact model for estimating the aging for devices in
feedback loop. The method is applicable to both discrete devices and circuit-level
test structure by adding a Verilog-A module with the compact model. Adaptive
Accelerated Aging method is developed as an effective approach to speed up the
degradation of a DUT with aging. As demonstrated with 28nm HKMG data, AAA
is an efficient method to validate reliability prediction to the end of lifetime. The
stress inputs can be so chosen as to decide what time frame to reach the DUT end
of life for both devices and circuits.

Chapter 4 implements SyRA for gate-level aging prediction with more robust
analysis under activity uncertainty. The co-existence of both NBTI and PBTI at

28nm enables aging analysis of path delay with fixed a at each gate, rather than

50



pursuing more expensive activity estimation. The new tool has been demonstrated
at 28nm design practice, confirming the effectiveness of SyRA-X.

To develop this work further, the model for BTI and TDDB introduced here is a
stochastic model and should be validated over a large number of devices. Also, this model
can be tested for modelling recovery observed in BTI. The feedback loop compact model
can be extended to cover larger selection of circuit configurations. Being a generic model
with dependence on loop gains, it should be able to predict the accelerated aging in various
types of circuits. The analysis of SyRA-X is currently done under limited scope. It should

be validated further based on silicon results.
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Chapter 6 Conclusion

In conclusion, this work addresses the need of device models that can assimilate
the TD model along with the gradual trap generation as well as those generated due to
TDDB stress causing acceleration in aging. This model is tested for 14nm FinFet devices
and 28 nm HKMG devices. Developing further, circuit configurations are studied that
present the phenomenon of accelerated aging due to existence of a positive feedback loop
during their operation. A compact model is developed based on loop gains that can predict
the accelerated degradation of threshold voltage. This phenomenon then inspired the
development of a methodology called Accelerated Adaptive Aging that leverages the
positive feedback loop and based on user inputs can stress a device or circuit to desired
EOL. Being able to stress a device to EOL allows us to have efficient validation of the
aging models without having to perform error prone predictions. Finally to make these
models usable at VLSI level, SyRA is developed into SyRA-X that can reliably predict the

aging at circuit level and provide realistic margins for accommodating degradation due to

aging.
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